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SUMMARY

Transcriptional enhancers in large gene complexes activate between the enhancer and the promoter. These findings
promoters over huge distances, yet little is known about the suggest that the PTS may facilitate long-range enhancer-
mechanism of these long-range interactions. We report promoter interactions in the endogenousAbdominal-B
that the promoter targeting sequence (PTS) from the locus. We propose that the PTS establishes a stable
Abdominal-B locus of the Drosophila bithorax complex  chromatin structure between an enhancer and a promoter,
facilitates the activity of a distantly located enhancer in which facilitates yet restricts an enhancer to a single
transgenic embryos and that it restricts the enhancer to promoter.

a single promoter. These functions are heritable in all

successive generations. We also show that the PTS

functions only when itself and an insulator are located Key words:Abdominal-B Insulator, PTSFab-8 suHw IAB5

INTRODUCTION 1995; Hopmann et al.,, 1995; Sipos et al.,, 199&)d-B
contains an extended Begulatory region that is functionally

Large developmentally regulated gene complexes usuallgubdivided into distinct enhancer domains calliedra-
contain enhancers that activate their promoters from greabdominal (iab)-5, iab-6, iab-7 and iab-8 by insulators, or
distances. However, many enhancer-interacting transcriptidmoundary elements such B®ntabdominal(Fab)-7 and Fab-
factors can only stimulate transcription over very short range® (Barges et al., 2000; Hagstrom et al., 1996; Karch et al.,
when assayed in yeast (Dorsett, 1999). It is conceivable th2985; Mihaly et al., 1998; Mihaly et al., 1997; Zhou et al.,
more complex organisms adopt additional mechanisms thb999; Zhou et al., 1996) (Fig. 1A,B). Enhancer elements from
facilitate long distance enhancer-promoter communicationghe 3 regulatory region can activate thédd-Bpromoter over
One such mechanism is suggested by transacting factors Chife intervening insulators and long distances. These enhancers
and Nipped-B, which by themselves do not activatecontinue to activatébd-B when the 3regulatory region is
transcription but facilitate the action of a remote enhancer itranslocated to different chromosomal locations, or even to a
the Drosophila cutlocus (Rollins et al., 1999; Torigoi et al., different chromosome (from the third to the Y chromosome)
2000). A different type of mechanism is provided by(Hendrickson and Sakonju, 1995; Hopmann et al., 1995; Sipos
specializectis-regulatory elements. The locus control regionset al., 1998). This strong regulatory interaction depends on the
(LCRs) found in theg-globin locus, theimmunoglobulin 9.5 kbtmr (Hopmann et al., 1995). These observations suggest
locus, and several other large loci define a class of gene atitht an enhancer-facilitating mechanism exists Aind-B
tissue-specific long range acting elements (Bulger angossibly within themr. Consequently, a noveis element, the
Groudine, 1999; Fernandez et al., 1998; Grosveld et al., 199Bromoter targeting sequence (PTS) (Zhou and Levine, 1999)
Li et al., 2001). These elements usually contain cell typehas been identified from ther. The PTS has a distinctive anti-
specific transcription regulator interacting sites and confer tmsulator activity, allowing an enhancer to activate its promoter
transgenes high levels of insertion site-independent germver the intervening insulator in transgenic embryos. In the
expression. However, a genegs-regulatory element that presence of an insulator, the PTS also appears to have a
does not possess enhancer activity but can facilitate longromoter targeting activity, allowing an enhancer to activate
range enhancer-promoter communications has not beemly one promoter when two are present in the transgene. We
found. report that the PTS facilitates long-range enhancer-promoter

Recent genetic studies in the homeotic selector genateractions in transgenic embryos, and that it mediates the
Abdominal-Bfrom the Drosophila bithorax complex (BX-C) promoter targeting function by restricting enhancer activities
have identified acisregulatory region, termettansvection to a single promoter. We also show that the PTS functions only
mediating region (tmr), that may facilitate long-range when itself and an insulator are located between an enhancer
enhancer-promoter interactions (Hendrickson and Sakonjand a promoter.
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A enhancer-promoter

Fig. 1. Cisinteractions imrAbd-B (A) Abd-B interaction \
has an extended Begulatory region that can | f

subdivided into four regulatory domains,
termedinfra-abdominal(iab)-5, iab-6, iab-7
andiab-8. Each of these controls the
development of a corresponding abdominal
parasegment (PS). For examppéh-5 regulates

Abd-Bfunction in PS10 (roughly the fifth

abdominal segment, or AGab-6 controls A6, AS A6 AT

and so on. Neighboringb genes are separatt regulatory '
by domain boundary elements suchrab-7 interactions
andFab-8 which function to prevent cross-

regulatory interference between neighboring

. 9.5kb tmr
iab genes. These elements are also potent

insulators that can block enhancer-promotet B

interactions in transgenic constructs. The P~ 5

element has an anti-insulator activity that Fref—CABE— S53kbtmr

allows an enhancer to activate a promoter
despite an intervening insulator. In thied-B
locus, PTS may mediate enhancer-promotei
interactions by allowing enhancers to overcome the intervéf@ibglements and activatédd-Bpromoter. (B) Detailed map of the 9.5 and
5.3 kbtmr elements. BBanH|; H, Hindlll; P, Pst; and R,EcaRl.

MATERIALS AND METHODS Between 30 and 60 independent transformants were obtained for each
of the recombinant P-element shown. In situ hybridization was
Plasmid constructions performed essentially as described in previous reports (Tautz and

To generateP-transgene shown in Fig. 2A,B, the 1.6 kb IAB8 Pfeifle, 1989; Zhou et al., 1999).

enhancer was inserted either aBanH| site upstream of or Bst
site downstream of th&ransponsas€Tp)-lacZ gene of the C4PLZ
vector (Zhou et al., 1996). Construct #17 and #28 were generated
inserting the 5.3 kiBarrHI-Hindlll fragment of themr region at the
Bglll site, 3 of lacZ The forward orientation (IAB8 proximal tacZ
gave rise to #17, whereas the reverse orientation (IAB8 didedZp
generated #28. Transgene W14 was made similar to the construct§
Fig. 5A of Zhou and Levine (Zhou and Levine, 1999), except a 29%
bp 5 DNA sequence was used instead of the 625 bp PTS. To bui
construct W32, a 2 kblindlll and Pst fragment (Fig. 1B) from the
tmr containing 290 bp PTS, 590 Ikab-8 and additional 1.2 kb'5
DNA was cloned into theBanHI| site between two FRT sites
previously inserted into thBanHI site of apBluescriptSK+ that
lacks theBglll site. In parallel, a 2.7 kiEcoR| fragment (Fig. 1B)
from thetmr that contains the 1.6 kb IAB8 enhancer was inserted int
the Pst site of the C4PLZ vector. The FRT flank&st-Hindlll
fragment was then excised a8glll fragment and inserted into the
Bglll site of the 1AB8-containing C4PLZ vector. To make W78 and
W79, the 1 kb IAB5 enhancer is first inserted into ¢ve-lacZ3'
located Pst site of —42eve Casper (Zhou et al., 1996). Tlwe
promoter was then replaced Ay promoter. AXba site located
betweerPst and the 3of lacZwas converted into ot site creating
TpCasperNIABYTpCasperNthat lacks IAB5 was also made, see

Fly strains and crosses

B’&ansgenic flies expressing the Flip recombinase were kindly
pfovided by Gary Struhl and Steve Small (Wu et al.,, 1998). To
recombine different FRT-flanked DNA element away from the
transgene, females carrying the transgene were mated with males that
fgg)ress the Flp recombinase under the control of a sperm-specific
ulinpromoter (Wu et al., 1998). In.fales, the recombinase binds
e FRT sites and deletes the intervening DNA. These male flies were
collected and mated tpow virgin females to establish stocks that are
subsequently analyzed by RNA in situ hybridization.

Quantitative analysis of the activity of PTS

Embryos from different transgenic strains were collected and stained
(yvith antiwhiteor lacZ RNA probes in parallel. Enhancer strength was
quantified by measuring the differential absorption of transmitted light
(AEV) between spat (unstained region) artal(stained region) in the
embryos in Fig. 5A using a digital spot light meter (Sekonic L608).
The reading reflects the relative intensit§i2-1) of the staining that

is linear with staining reaction time during a 1 hour incubation (see
Fig. 5B). It is assumed that alkaline phosphatase (AP) activity
represents enhancer strength, which can be expressed as: enhancer
strength=constark (22EV—1)/time. To compare enhancer strength,
later). In the meantime, the 340 Bpé-BanH| suHwinsulator and heterozygous er_nbryos from different samples are fixed and stained in
the Bglll fragment of F’RT flanked 625 bp PTS were sequentiallypara"elfor 45 minutes. ThBEV values of approximately 30 embryos _
inserted intdSpé-BanH| andBanH| sites of a modified pBluescript are measured. Enhancer strengths are plotted as bar graphs in
that contains an additioniliotl site converted from thi€pnl site. The Fig. 5C,D.

Notl fragment containing FRT sites, PTS, auHwwas inserted into

the Notl site of TpCasperNIAB5W81 and W82 were generated

;imilarly, except IAB5 was included in tivotl fragment and inserted RESULTS

into theTpCasperNvector.

P-element transformation and in situ hybridization The 5.3 kb tmr exhibits a directional enhancer

P-element transformation vectors containlagZ andwhite reporter actlv!ty ) )
genes were introduced into tBeosophilagermline by injectingwf?  Previous studies have showed that Ba®-8 insulator could

embryos as described previously (Rubin and Spradling, 1982plock enhancers (including IAB8) from activating a promoter
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Fig. 2. The 5.3 kitransvection
mediating regior(tmr) exhibits -, ‘(
: W

)

(am-'

orientation-dependent promo

erformed on 2- to 4-hour-old .
b IR =g #17 L mEm -@;&?:.

C

are oriented anterior towards
posterior regions of the
(Transposasgpromoter. #28 L\m TR #28 FataTing
from theTp promoter. (C) The 5.3 kBanHI-Hindlll tmr fragment was inserted justénd of thdacZ gene in a C4PLZ vector in the forwards
the 1.6 kb IABS. In this orientation, IAB8 is proximally located and activates both the divergently tranedritesd/) and theTp-lacZfusion
caused by the lack of repressor binding sites in the transgenic regulatory regions that normallivdgBesdancer activity in the anterior

targeting activity. Whole-moui | - o w 4

RNA in situ hybridization was ‘/f——\\

embryos using antivhite or TolacZ Tp-lacZ e —

lacZ RNA probes. All embryos | A Sl B TR

the left and dorsal side 4

upwards. Arrows in the @ . ’ s

embryos indicate IAB8 activit Mo zZ k. W _IReSaes

(A) IAB8 activatesTp-Zwhen

located 5proximal to theTp ‘/_\ //_\

(B) IAB8 activatesTp-lacZ D Wi TeelaeZ - E - Iphige

from a 3 position, 4.5 kb away

(5'-3) orientation. It consists of 290 bpd the 625 bp PTS, the entire 580Fab-8insulator, the IAB8 enhancerPalycombresponse
element (PRE) located betweleab-8and IAB8 (Barges et al., 2000; Zhou et al., 1999), and about 500 bp of additional genomic s€doence 3
gene. (D) In the reverse'(35') orientation, IAB8 can direct strong transcriptional activation of eitherlacZ In two out of 12 lines
examined, IAB8 activates onlgcZ Many of these intensely stained embryos also exhibit anterior staining (arrowhead). This is probably
region of the embryo. (E) In five of these strains, IAB8 activateswnly the remaining lines, the interveniRgb-8insulator (data not

shown) presumably blocks the IAB8 enhancer.

when it is interposed between the enhancer and its promotieansgenic promoters due to the enhancer blocking effect of the
(Zhou et al., 1999; Zhou and Levine, 1999; Barges et al., 2000Fab-8 insulator (data not shown). These results are similar to
A recent study has also demonstrated that the 625 bp PT%at of the previous study (Zhou and Levine, 1999), suggesting
element is able to overcome the enhancer blocking effect of that the 290 bp PTS exhibits the anti-insulator and promoter
Fab-8insulator (Zhou and Levine, 1999). We tested whethetargeting activities. This is confirmed by transgene W14 (Table
the minimal 290 bp '5DNA from the 625 bp PTS could 1), where PTS could overcome a heterologaudwinsulator
overcome thdab-8 insulator, and, in addition, facilitate the and target IAB8 to thev or Tp promoters. It should be noted
IAB8 enhancer activity. We studied a 5.3 RanHI-Hindlll that in the forward orientation (Fig. 2C), I1AB8 is located 5.5
fragment from themr that contains the minimal 290 bp of the kb away from thev promoter and 4.9 kb away from tleeZ
PTS, the 580 bpab-8insulator and the 1.6 kb IAB8 enhancer promoter, whereas in the reverse orientation (Fig. 2D,E), it is
(Zhou et al., 1999; Zhou and Levine, 1999) (see Fig. 1B). 8.2 kb away fromw and 7.5 kb away frortacZ Rather than

The 1AB8 enhancer directs a narrow band of transcriptiomeducing the activity, the greater distance between IAB8 and
in the posterior region of the embryo (see arrow in Fig. 2A)the promoters caused by insertifab-8 and PTS resulted in
Similar to other earlyDrosophila enhancers that have been an increase of IAB8 enhancer activity. This is seen by
tested (Ohtsuki et al., 1998; Zhou et al., 1996), its activitcomparing the activities of IAB8 ohp-lacZ in Fig. 2B versus
attenuates as its distance from the promoter increases (compai2 orw in Fig. 2C versus 2E. In either case, the enhancer
Fig. 2A with 2B). This 5.3 kidmr was placed in both the activity is much stronger when both PTS #&ath-8are located
forward (3- 3 when IAB8 is between the promoters dad-  between IAB8 and the promoters. These results indicate that
8/PTS, see construct #17 in Fig. 2) and the reverse orientati®TS may facilitate the long distance interactions between IAB8
(construct #28 in Fig. 2). To monitor transcriptional activity ofand thew or theTp promoter.
the IAB8 enhancer, embryos from individual transgenic strains . o ) ] .
were collected and subjected to whole-mount RNA in situfhe PTS, in combination with an insulator, facilitates
hybridization for thewhite (w) or lacZ genes. a distant enhancer and restricts the transcription

In the forward orientation, IAB8 weakly stimulated both theactivation to only one of the two available promoters
divergently transcribedv and Tp-lacZgenes (Fig. 2C; Table To confirm the enhancer facilitating activity and to eliminate
1). Its activity on thél'p promoter is very similar to that of the position effects due to differential chromosomal insertion sites
1.6 kb IAB8 alone at the same location (Fig. 2B), suggestingf the transgene, we used the Flp-FRT system, which causes
that the distally located PTS arkhb-8 do not affect the the removal of FRT-flanked DNA sequences from the transgene
communication between IAB8 and the transgenic promotersifter introducing the Flp recombinase by genetic cross (Golic
In the reverse orientation, however, IAB8 activates thend Lindquist, 1989). This technique permits the analysis of
transgenic promoters despite the interveritag-8 insulator.  the transgene in the same chromosomal context before and
In any particular strain, IAB8 exhibits the selective activationafter the test DNA is removed. We flanked a 2.@&i-Hindlll
of either theTp-lacZ (Fig. 2D) or thew (Fig. 2E) gene. This fragment from thémr region (see Fig. 1B) that contains both
effect is seen in about 50% of the transgenic lines (Table 1). the minimal 290 bp PTS and the 580 Fgh-8 insulator with
the remaining strains, IAB8 does not activate any of the¢he FRT sites and placed this group of elements between the
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Fig. 3. PTS facilitates and
restricts enhancer activity t A - B T
a single promoter. Construc : ‘
W32 and W81 were tested. w lacZ

The former contains an FR'
flanked PTS an@ab-8 and j"’—\ > %
the IAB8 enhancer, where ¢ W32 =l :;ﬁ'%jm
the latter contains FRT W lacz = S
flanked PTS anduHw plus

a 1.0 kb IAB5 enhancer. Flp recombination
Large orange arrowheads

indicate FRT sites. (A,B) A
representative line exhibitin
a selective IAB8~
interaction is shown.

(C,D) The same strain after
removal of themab-8
insulator and the PTS by FI
mediated recombination
(Golic and Lindquist, 1989).
There is a severe reduction of IAB8interaction with the accompanying activatiorlaxfZ. (E,F) Most transgenic strains carrying the W81
display an IAB5kacZ interaction as shown here. (G,H) The same strain after FIp-FRT analysis. Note the reductionlatABteraction and
the concomitant appearance of IABGnteraction.

Table 1. Analysis of the functions of the 'S in transgenic embryos

Number
Constuct of lines W+++Z- W-Z+++ W+Z+ W-Z-
17 %-m 11 0 0 10 1
28 2 P T B 12 5 2 0 5
w14 L1 (iAq - 26 3 6 0 17
W32 S - e 14 4 2 0 6
ws1l w] [&? g 38 2 12 0 24
W78 Ll llacz *é% 3 4 2 0 17
w79 w] [lacz 36 1 8 0 27
ws2 w| [aZ 42 0 0 42 0

W+++Z~-, tranggenic strains showing intense w activation but no lacZ expresson; W—Z+++, transgenic lines exhibiting now transaiption but very strong lacZ
transaiption; W+Z+, strainsdisplaying weak to robust transaiption of both genes; W-Z-, no transaiption activity from either promoters.

3 end oflacZand 2.7 kliEcaRI fragment from the same region activates bothv andTp-lacZ,but with greatly reduced activity,
(Fig. 1B) that contains the 1.6 kb IAB8 enhancer (W32 in Figdespite the fact that the enhancer is now 2.0 kb closer to the
3). When transgenic embryos were analyzed, results similar jwomoters (Fig. 3C,D). Similar result was obtained when we
those without FRT sites were obtained. In about half of thelace theFab-8and PTS elements between thee3d oflacZ
transgenic strains IAB8 selectively activates one of the twand the heterologous Neural Ectoderm Enhancer (NEE) from
divergently transcribet and theTp-lacZgenes (Table 1). In the rhomboidgene (Ip et al., 1992) (data not shown). These
the remaining strains, IAB8 does not activate any of theesults strongly suggest that the PTS, in combination of the
transgenic promoters. An example of a PTS-mediated MB8- Fab-8insulator, facilitates enhancer-promoter interaction, and
interaction is shown in Fig. 3A,B. Here, IAB8 strongly that it restricts the enhancer activity to a single promoter.
activatesw but not the closely positionedp promoter To confirm that the enhancer-facilitating and single promoter
(compare Fig. 3A with 3B). However, after the removal of PTSactivating effects were due to the PTS but not a possible
and Fab-8 by Flp-mediated recombination, the intense andsynergy between DNA sequences located withintiie we
selective |IAB8w interaction disappeared. Instead, IAB8 tested the PTS inthe absencé&alb-8and othetmr sequences.
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The PTS, the heterologowssiHw insulator (Cai and Levine,
1995; Dorsett, 1993; Geyer and Corces, 1992), and the |IAE A

: B
enhancer (Busturia and Bienz, 1993) were placed at'tbe 3 e
lacZ in the order given (see construct W81 under Fig. 3E,F) g
PTS andsuHwwere flanked by a direct repeat of FRT sites sc

that both elements could be removed by recombination. |

about one third of all transgenic strains, IAB5 selectively | —  _.--- /—m\
activated only one of the twav(or Tp) promoters (see Fig. ﬁ“ = w

3E,F for selective IAB3acZ interaction), suggesting that the 2l llacZ wm
PTS mediates promoter targeting in these transgenic line

(Table 1). The activities of IAB5 on the targeted promoters ar
consistently strong, with slight variations among different C s . N D
strains (Fig. 5D). In the remaining lines, IAB5 does not activatt
either of the promoters. Presumably, PTS does not functic
in these lines, and the IAB5 enhancer is blocked by th
interveningsuHw insulator. The enhancer-facilitating activity
was confirmed by Flp-FRT analysis (Fig. 3G,H). Similar to “w [lacz ’_@m_
Fig. 3A-D, the simultaneous removal of both PTS andw

dramatically reduced IABtcZ interaction (over 10-fold

red_uctlon, see Fig. SD). By contrast, IAQB-Ir_lteractlon, Fig. 4. Anti-insulator and promoter targeting by the PTS element.
which was undetectable before the recombination, could noyﬁ B) Transgenic embryos carrying construct W78. The IAB5

be detected (compareactivity in Fig. 3G with 3E). enhancer selectively activates theZ but not thew. (C,D) The same

To confirm that the PTS could indeed help IAB5 overcome th@ansgenic strain after the removal of the PTS by Flip-mediated
suHwinsulator, we also constructed transgenes W78 and W7#8combination. Notice that the IAB&eZ interaction is blocked by
that are similar to W81, but contain an FRT-flanked PTS (Tabléhe suHwinsulator. Arrowheads indicate FRT sites.
1). In the former, PTS was placed between tten@ oflacZand
the suHw insulator, while in the latter, PTS was interposed
betweersuHwand IAB5. Transgenic embryos carrying either oftransgenes if the embryos are fixed and stained in parallel.
these constructs exhibit a selective activatiow of lacZin any  Using this method, we found that IAB8 is two- to fivefold
given strain (see Fig. 4A,B for selective activationlawiZ by = stronger when it is located less than 100 bp from The
IABS in transgene W78). Removal of the PTS by Flp-mediateg¢iromoter than when located 5.5 kb downstreanTwfacZ
recombination caused the loss of IAB5 activated transcription, gFig. 2A,B, and Fig. 5C). We then compared IAB8 and IAB5
IAB5 became blocked by theiHwinsulator (compare Fig. 4B activities with or without facilitation by the PTS. We found that
with 4D). These experiments indicate that the PTS exhibits theTS facilitates IAB8 about eightfold and IAB5 ten- to 17-fold,
anti-insulator and promoter targeting activities when it is eitherespectively (Fig. 5C,D). In transgenic lines (W81) showing
upstream or downstream of an insulator. specific IAB54acZ interaction, now expression could be

In summary, these results clearly demonstrate that thdetected, but after the Flp-mediated removal of PT&ahlay
enhancer facilitating function depends on the PTS element, natbecame activated by IAB5 (Fig. 5D). In two of the four lines
other unknown elements located within tive. This result also  (W81-2 and W81-4)v expression was detectable within 45
indicates that the promoter targeting activity is not a result ahinutes, whereas in the remaining two (W81-1 and W8#+3),
random positional effect, or preferential insertion of theexpression could be detected only after extended incubation
transgene into specific chromosomal locations that may silen¢e2 hours, data not shown). The strength of 1AB6¢ IAB5-
one of the promoters present in the transgenic vector. It is dl&cZ interactions after the removal sfIHWPTS is similar to
to a PTS-dependent, active restriction of the enhancer activithat of IAB5 alone originally cloned at the same location (data
to only one of the two available promoters (Fig. 3G,H). Thenot shown). These results provided quantitative evidence for
enhancer-facilitating and single promoter activating effects arthe enhancer-facilitating and single promoter-activating
genetically stable in that they are memorized in up to 6@ctivities of the PTS.

generations without a loss or change of promoter targeting. )
The PTS and an insulator must be located between

Quantitative analysis of the enhancer facilitating an enhancer and a promoter

and single promoter activating effects The results shown in Fig. 2 also suggest that PTS must be
We also conducted semi-quantitative analyses of PTSnterposed between an enhancer and a promoter. To test
mediated enhancer facilitating and single promoter activatingshether this is true, the PTS asuuHWDNA were placed distal
activities by quantifying RNA in situ hybridization. The to the IAB5 enhancer, downstreamla€Z (W82 in Table 1).
staining intensity (as measured by optical absorption of staindetom over 40 transgenic strains isolated and examined, none
Drosophilaembryos, Fig. 5A) shows linear relationship with displayed enhancer facilitating and the distinctive single
staining time 60 minutes after the addition of substrates fgpromoter-activating effects (Table 1). In these lines, IAB5
alkaline phosphatase (AP) (Fig. 5B). Assuming that the ARctivated both thev and Tp promoters, with activities similar
activity directly reflects enhancer strength and that the AR that of IAB5 alone in the same location (data not shown).
activity remains constant during an 1 hour incubation, we cafihis result, together with the data from Fig. 2 suggests that
compare the activity of the same enhancer in differenPTS activity is location dependent, in that it only functions

Flipase

w lacZ
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Fig. 5. Quantitative analysis of the activity of PTS.

A - o E é:’ B (A) Representative embryos showing IAB&Z promoter targeting.
. Red circles indicate the areas measured for relative staining intensity.
£l (B) The graph displays staining intensity as a function of time. We
O B o detected almost no staining in the first 7 minutes after adding the
-%“ substrate NBT/BCIP. This may be due to the time needed for the
R p— :; sub.sf[rat(.e to diffuse into the embryos. .Betwe.erj lo.and 60 minutes,
. - £ staining intensity (¥6V—1) was linear with staining time. (C) To
; a compare IAB8 enhancer strength in different P-elements,
& Oa’ heterozygous embryos were fixed and stained in parallel for 45
W e _ minutes. Approximately 30 embryos were measured. Lanes 1 and 2
AEV" =EV*-EV" " Staining Time (minute) show the staining intensities for the IAB8 enhancer ottt

promoter when it is located about 100 bp (lane 1, gray), or 5.5 kb

C v X (lane 2, green) away from tltecZ promoter. Five strains for each of
E@*) - these transgenes were analyzed. Lane 3 (blue) and 4 (yellow)
— 08¢} indicate IAB8w interaction (W32w) before and after the removal of
i i PTS andrab-8in W32. Lane 5 and 6 shows IAB&eZ interaction
&~ I (W32-2) in the same strain before and after the removal of PTS and
= o4t Fab-8 (D) Analysis of enhancer activities before (blue) and after
= | (yellow) the removal of PTS arsliHwfrom W81. Four different
= - = transgenic strains (W81-1, W81-2, W81-3 and W81-4) were shown.
= 0.0 [ . l{_\
= 1 2 34 56
& IB@5 IB@3 W32-w WXz
|| ToacZ | Tolacz  Same
M before FLP A
W2 ol ke ! TABS promoter
[ after FLP targeting
b s | <=

g 12} W lacZ

=~

= I 4 -

2 0.8 - -

s L

2= L

= 04t

:% r stable chromatin

<o i | - complex

2 0 T P

W Z W
WaH- W81'2 WBIQ WSM Fig. 6. Model for PTS function. We propose that PTS establishes a
stable association between DNA sequences near the enhancer and
B before FLP m promoter that results in a constant physical proximity between the
Wat w la two. This type of association could not be blocked by an insulator,
] after FLP -
and would facilitate weak, long-range enhancer-promoter

interactions, while at the same time preventing the enhancer from
interacting with other promoters.

when itself (and an insulator) is located between the enhancer
and the promoter.

effects that might inactivate the other promoter present in the

transgene. As shown in Fig. 3, the IAB5 or the IAB8 enhancer
DISCUSSION alone is capable of activating both thandTp promoters after

the PTS/insulator fragment is removed by recombination. It is
In summary, we have shown that PTS facilitates long-rangpossible that the anti-insulator, promoter targeting, and
enhancer-promoter interactions in transgenic embryos. Thenhancer-facilitating activities are inseparable and are possibly
enhancer facilitating activity depends on the anti-insulator andifferent aspects of the same activity. For example, enhancer-
promoter targeting functions in that it only facilitates anfacilitating effect could be at least in part resulted from
enhancer when it is targeted to a promoter (compare Fig. 2@stricting the enhancer to a single promoter, which would
with 2D,E). We have also provided evidence that the promotgrevent the enhancer from activating other promoters and
targeting function is due to restricting the access of an enhanassnsequently increase the probability of activating the ‘target’
to a single promoter, and not due to, for example, positiongdromoter.
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ensure that enhancers in the BX-C activate the codsiateB
promoter only. In this study, we have also shown that promoter
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