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Interaction Between Transcription Regulatory 
Regions of Prolactin Chromatin 

Katherine E. Cullen, Michael P. Kladde,* Mark A. Seyfredt 
The regulation of transcription requires complex interactions between proteins bound to 
DNA sequences that are oiten separated by hundreds of base pairs. As demonstrated by 
a nuclear ligation assay, the distal enhancer and the proximal promoter regions of the rat 
prolactin gene were found to be juxtaposed. By acting through its receptor bound to the 
distal enhancer, estrogen stimulated the interaction between the distal and proximal 
regulatory regions two- to threefold compared to control values. Thus, the chromatin 
structure of the prolactin gene may facilitate the occurrence of protein-protein interactions 
between transcription factors bound to widely separated regulatory elements. 

T h r e e  models have been urouosed to ex- . . 
plain the mechanism by which transacting 
factors act at a distance: the scanning mod- 
el, the structural transmission model, and 
the DNA looping model (I).  Data have 
been obtained in support of the DNA loop- 
ing model, in which the intervening DNA 
seauence between the DNA-bound trans- 
acting factor and the transcription initia- 
tion comulex is looued out, but it is unclear 
what dri;es the foAation bf the loops (2). 
Interacting proteins may extend and con- 
tact one another, bridging the distance 
between the proteins and forcing the inter- 
vening DNA to loop out (3). Alternative- 
ly, the DNA may be intrinsically bent, 
thereby allowing widely separated regions of 
DNA to be juxtaposed. Over short distanc- 
es (200 to 300 base pairs (bp)], supercoiling 
may provide enough bending of the DNA 
to allow association between DNA binding 
proteins (4). Over large distances, the 
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packaging of the DNA into chromatin may 
orient two widely separated protein binding 
sites to permit the association of the DNA 
binding proteins (5) .  

Expression of the rat prolactin (PRL) 
gene is regulated by a number of different 
polypeptide and steroid hormones that act 
through two distinct regulatory regions sep- 
arated by approximately 1500 bp (Fig. 1) 
(6). The steroid hormone estrogen (E2) 
induces the transcription of the PRL gene 
by binding to the estrogen receptor (ER), 
which in turn binds to the estrogen re- 
sponse element (ERE) (7). This element is 
located at the 3' end of the distal enhancer 
region between - 1550 and - 1578 bp (8). 
How the ER complex influences the activ- 
ity of RNA polymerase I1 located 1500 bp 
downstream at the promoter is unknown. 
Data from studies with a cell-free transcrip- 
tion system containing purified ER and 
templates with an ERE a short distance 
from the promoter led Elliston et al. (9) to 
suggest that the ER enhances transcription 
by facilitating the formation of a stable 
ureinitiation comulex. For the ER comulex , & 
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promoter becomes hypersensitive to nu- 
cleases after treatment of cells with E2, 
although the region between the ERE and 
the promoter remains insensitive to nu- 
cleases (10). This suggests that the ER 
complex does not scan along the DNA to 
the promoter nor does the activated ER 
complex initiate a change in the DNA 
structure that is propagated from the ERE to 
the promoter. 

To determine if DNA looping may facil- 
itate the interaction between the ER and the 
transcription initiation complex, we exam- 
ined the chromatin looping potential of the 
5' upstream regulatory elements of PRL (Fig. 
2A) (1 I) with a modified DNA looping 
assay of Mukherjee et al. (12). We used 
PRL-Tn5-bovine papillomavirus (BPV) 
minichromosomes as our source of PRL 
chromatin. These minichromosomes are 
packaged into nucleosomal arrays (10) and 
replicate extrachromosomally at a level of 40 
to 60 copies per cell in a stable, clonal cell 
line (GlI) obtained by the transfection of rat 
pituitary GH3 cells with the PRL-Tn5-BPV 
vector. The transcription of the Tn5 gene, 
which acts both as a selectable marker 
(G418 resistance) and as a reporter, is under 
the control of the PRL regulatory elements 
(Fig. 1) and can be induced by E2 (13). 
When nuclei isolated from GI1 cells were 
partially digested with Pst I, a number of 
different PRL-Tn5 chromatin fragments 
were produced that could theoretically form 
Pst I ligation products (Fig. 2B). Polymerase 
chain reaction (PCR)-mediated analysis 
principally detected only the formation of 
Pst I ligation products that correspond to the 
P3-P, and P3-P, PRL chromatin loops (Fig. 
2C, lane 5). 

The PCR products were analyzed by 

5 PRL regulatory region 
Hind Ill 

Fig. 1. The PRL-TnSBPV minichromosome. 
The minichromosome contains the transcription 
regulatory elements (hatched) of the rat PRL 
gene (-1953 to -12), which controls the ex- 
pression of the Tn5SV40 reporter gene (solid). 
The entire BPV genome is present in the mini- 
chromosome (unshaded). Further details on the 
characterization of the cell lines containing the 
PRL-Tn5BPV minichromosome have been de- 
scribed (10, 13). 

SCIENCE VOL. 261 9 JULY 1993 



restriction endonuclease mapping and 
dideoxynucleotide sequencing and were 
shown to be the result of the predicted Pst 
I chromatin fragment ligations (14). If 
these were corrected for the amount of Pst I 
chromatin fragments available for ligation 
(15), similar amounts of P3-P4 and P3-P, 
PRL chromatin loops were formed (1 6). By 
comparing signal intensities of the 871-bp 
P3-P4 PCR product with the 702-bp PCR 
internal standard (1 7), we estimate that 30 
to 50% of the P3-P4. PRL chromatin frag- 
ments formed were hgated. The formation 
of chromatin loops between the distal en- 
hancer and proximal promoter could also be 
detected with restriction endonucleases 
other than Pst I. Digestion of isolated nu- 
clei with Bam HI, which cuts 286 bp 5' of 
the P3 site, and Bgl 11, which cuts 14 bp 3' 
of the P4 site (Fig. I), followed by treat- 
ment with T4 DNA ligase and PCR-medi- 
ated analysis resulted in the production of a 
single PCR fragment of 1071 bp (1 8). 

The formation of these Pst I ligation 
products was dependent on treatment of 
isolated nuclei with both Pst I and T4 DNA 
ligase (Fig. 2C). These ligation products 
were not formed as a result of random 
ligation of Pst I chromatin fragments. Scan- 
ning densitometry revealed that the 
amount of P3-P, ligation products is approx- 
imately eightfold greater than the amount 
of P2-P4 ligation products, even though 
similar amounts of their corresponding Pst I 
DNA fragments were produced (Figs. 2B) 
(1 9). The small amount of detectable liga- 
tion product from a P2-P4 DNA loop was 
not entirely the result of inefficient PCR 
amplification of the longer P2-P4 ligation 
products because in vitro-generated P2-P4 
ligation products could be PCR-amplified at 
about 60% of the efficiency of P3-P, ligation 
products (1 8). In addition, size restrictions 
on loop formation probably do not play a 
role because the P2-P4 and P,-P, Pst I chro- 
matin fragments differ in length by only 5% 
and exceed 2000 bp. With purified DNA, 
Wang and Giaever (20) have reported that if 
two interacting sites are misaligned by 180°, 
the free energy required to form a loop is 
independent of the length of DNA if the size 
of the DNA exceeds 1000 bp. 

We examined nuclei isolated from GH, 
cells that do not contain the PRL minichro- 
mosome to see if loop formation of the 
endogenous PRL chromatin could be de- 
tected. PCR amplification of the Pst I 
ligation products produced fragments of 87 1 
and 973 bp (Fig. 2D). Restriction endonu- 
clease analysis verified that these fragments 
were produced as a result of ligation of the 
5' distal Pst I site at - 1953 bp (PIE) with 
two Pst I sites located near the proximal 
promoter at -12 bp (P2J and +92 bp 
(P,,) , respectively (1 4). The 973-bp PCR 
product from the endogenous PRL gene was 

observed upon longer exposure of autorad- 
iograms obtained from ligation assays per- 
formed on GI1 nuclei (18). Because PCR . , 

products that reflect nuclear ligation in the 
endogenous gene were observed, we con- 
clude that the specific looped complexes are 
due to the intrinsic, specific packaging of 
the PRL regulatory region into chromatin 
structure rather than to an anomaly of the 
extrachromosomal (episomal) nature of the 
minichromosome. 

We examined the specificity of the Pst I 
PRL chromatin fragment ligations by test- 
ing whether chromatin fragments formed by 
Pst I cleavage in the Tn5 gene could ligate 
within GI1 nuclei. A number of Pst I 
chromatin fragments that contain portions 
of the Tn5 gene were generated (Fig. 3A). 
The ligation of the 1154-bp P4-P, Pst I 
chromatin fragment would generate a 414- 
bp PCR product, but no 414-bp PCR prod- 
uct was observed in samples obtained from 
G1I nuclei treated with Pst I and T4 DNA 

ligase (Fig. 3B, lanes 3 and 4) even though 
similar amounts of P4-P, and P3-P, Pst I 
chromatin fragments were produced (com- 
pare the intensity of the 2172-bp band in 
Fig. 2B with that of the 1154-bp band in 
Fig. 3A relative to the common 3095-bp 
band seen in both figures). The inability to 
detect the formation of the P4-P, chromatin 
loops was not the result of low PCR ampli- 
fication because the signal intensity of 0.02 
fg of the 414-bp PCR standard (1 7) was 
similar to the signal achieved with the use 
of 25 fg of the 702-bp standard (compare 
Fig. 3B, lane 1, with Fig. 2C, lane 2). 

To demonstrate that the inability of 
P4-P, chromatin fragments to ligate is the 
result of the chromatin structure of this 
fragment, we purified DNA from G1I nu- 
clei that were treated with Pst I but not 
with ligase. The DNA was diluted to 0.3 
mg/ml (approximately the DNA concentra- 
tion in the nuclear ligation assay), treated 
with T4 DNA ligase (either 20 or 100 

Fig. 2. PRL Pst I chro- A Binding sacs for B C 
matin fragment ligation. 'tetheringproteins 1 2 3 4 5  
(A) Flow chart of nude- Pst I/ Hind Ill\ pst I - 
ar ligation assay (11). - - - - I  - - -  
(8) Southern blot of Pst - 
I PRL-Tn5BPV DNA 1605- 
fragments. Nuclei were 1198-D 
isolated from GI I cells -1 102 
grown in Dulbecco's 1-871 
modified Eagle's media 3095- 

2734- 
a -702 

plus 10% fetal bovine 
serum and then sub- 

2526- 
2295- 

jected to the nuclear li- 2172- 40W 

gation assay ( 11 ), ex- ligase T4DNAl 1 9 4 1 - r  396s 

cept an aliquot of Pst 35+ +* 
(~ind Ill fi %pst I 

I-treated nuclei was re- 
moved before treat- 2) Digest with 

H~nd Ill 
with base. DNA Hind Ill,_ _PS', I - Hind Ill 

was purified from this * - - - - - -  

he 
a p1 p2 Pj458 

'4 Ps~redicted PCM mduds 
aliquot and digested to 1) Amplify PCR unique P d  I iuncfim tmm  st I ~ i g a d b ~  (top) 

completion with x.,~ 1, 2) AmWe PCR products by Southem blotting 
2172bp- 1941 bp- 1102 87 1 

Ten micrograms of the 2295 bpc =3 1225 
2526 bpr 7 1456 

DNA was separated on a 1% agarose gel, blotted to n34bDC 3095 bf 1 1664 - 2025 
nylon, and probed with a 32P-labeled Hind 111 (-423) to 
Pst 1 (-12) PRL DNAfragment (Fig. 1) (specific activity = 2 x lo9 to 
4 x lo9 cpmt~g). (C) Ligation of Pst I chromatin fragments in GI1 1 2 3 4  

cells. Nuclei isolated from GI1 cells were subjected to the nuclear 
ligation assay ( 1  1). The DNA was purified and digested with Hind Ill, 
and 50 ng of purified GI 1 DNA plus 25 fg of Pst I PCR standard ( 1 7 )  
were amplified by PCR (24) with the PRL primers I and II (1 7) with 2.5 
mM MgCI,. Southern blots were probed as described in (B). The blots 
were exposed to x-ray film for 5 to 15 rnin with one intensifying screen. 973- .- - 
Lane 1, 32P-labeled pGem markers (Promega); lane 2, without Pst 1 871- 

and ligase; lane 3, with Pst I, without I~gase; lane 4, without Pst I, with 
ligase; lane 5, with both Pst I and ligase. Solid bars show ligated Pst 
I chromatin fragments; open bars show Pst I chromatin fragments not 
ligated. (D) Ligation of Pst I chromatin fragments in GH3 cells. Nuclei 
were isolated from GH, cells and then subjected to the nuclear 
ligation assay (1 1). Purified DNA was amplified by PCR and analyzed 
by Southern blotting as described in (C), except 1 pg of purified GH, Endogenous prolactin 
DNA was used in each PCR reaction and no Pst I PCR standard was 1 I i 

added. Lane 1, without Pst I and ligase; lane 2, with Pst I, without 5r4582 %E'~E 

ligase; lane 3, without Pst I, with ligase; lane 4, with both Pst I and 
ligase. Sizes of DNA fragments are indicated to the right and left of the gels in (B), (C), and (D) in 
base pairs. 
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Ulml) for 10 min at 16OC, and then ana- 
lyzed by the PCR-mediated method. The 
1154-bp P4-P, Pst I DNA fragment could be 
ligated (Fig. 3B, lanes 7 and 8) once the 
constraints of the chromatin structure were 
removed. These data suggest that unlike 
the 5' upstream regulatory region of PRL, 
the Tn.5 gene is specifically packaged into a 
chromatin structure that does not allow 
interaction between widely separated re- 
gions. 

Factors that interact with the 5' distal 
enhancer region of PRL and stimulate pro- 
moter activity may stabilize the formation 
of chromatin loops. We treated G1I cells 
with estrogen and examined whether a 
higher level of chromatin loops between 

the 5' distal enhancer and the proximal 
promoter was formed compared to control 
cells. Estrogen increased the ligation fre- 
quency (1 5) of P3-P4 and P3-P, Pst I chro- 
matin fragments two- to threefold com- 
pared to the control (Fig. 4). independent 
of the amount of 1941-bp P3-P4 chromatin 
fragment produced (2 1). 

The close association of the distal en- 
hancer with the proximal promoter appears 
to be intrinsic to the chromatin structure of 
the 5' upstream regulatory region of PRL 
and probably reflects a specific folded state 
of the chromatin that is stabilized by estro- 
gen treatment. Thus, the molecular mech- 
anism by which estrogen enhances PRL 
transcription involves the ability of the 

Fig. 3. Specificity of Pst I chromatin fragment A 
ligation. (A) Southern blot of Pst I PRL-TnSBW 

1 2 3 4 5 6 7 8  
C - - -  - - >  

DNA fragments. The procedure was as de- 
scribed (Fig. 2B), except the blot was probed * 

with a 32P-labeled Pst 1 (+219) to Pst 1 (+I144 
Tn5 DNA fragment (P5-PJ (Fig. 4) (specific 3095- 
activity = 2 x lo9  to 4 x lo9  cpmlpg). (B) 2514- - 
Ligation of Tn5 Pst I chromatin fragments. Nuclei 2335- - 

2104- 
from GI1 cells were subjected to the nuclear 
ligation assay (1 1). The DNA was purified, di- 414- d 
gested with Pvu II, and amplified by PCR (24) 1154-- 

with the Tn5 primers Ill and IV (17) with 1.5 mM 923- 
MgCI,. Southern blots of the PCR reaction prod- 
ucts were probed with a 32P-labeled Tn5 DNA 315, 

fragment (P,-P,). The specific activity of the I PRL I ms w4aW 
I I probe as well as the hybridization and the x-ray 4 P , ~ P ~  4 $, d8pmdkted WR 

film exposure conditions were identical to those products (bp) 

in Fig. 2C. Lane 1, 0.02 fg of the 414-bp stan- 11 54 bw-I 414 
2335 bpf- 1595 

dard (1 7) plus 50 ng of GH, genomic DNA; lane 3095 bpr 2514 bp( I 2357 1 1774 

2, 0.1 fg of the 414-bp standard plus 50 ng of 
GH, genomic DNA; lane 3, with both Pst I and ligase (nuclear) and 50 ng of GI  I DNA; lane 4, with both 
Pst I and ligase (nuclear) and 250 ng of GI  I DNA; lane 5, with Pst I, without ligase (nuclear), and with 
50 ng of GI  l DNA; lane 6, with Pst I, without ligase (nuclear), and with 250 ng of GI  l DNA; lane 7, w~th 
Pst I, without ligase (nuclear), with ligase (in vitro; 20 Ulml), and with 50 ng of GI  I DNA; and lane 8, 
with Pst I, without ligase (nuclear), with ligase (in vitro; 100 Ulml), and with 50 ng of G1I DNA. Bars 
show Pst I chromat~n fragments not nuclear-ligated. Ligation of Pst I chromatin fragments of 923 bp 
(P5-PA, 2104 bp (P5-P,), and 2283 bp (P5-PJ would not be detected with primers Ill and IV. 

Fig. 4. Effect of estrogen on the ligation of Pst I PRL 
chromatin fragments. GI  1 cells were grown in low 
estrogen media (13) for 32 hours and then treated with 
either 10 nM 17p-estradiol or ethanol vehicle (control) 
for 16 hours. Nuclei were prepared and subjected to 
the nuclear ligation assay (1 1). (A) Southern blot of Pst 
I PRL-TnSBPV DNA fragments obtained from control 
and 17p-estradiol-treated cells. The procedure was as 
described (Fig. 28). Lane 1, control; lane 2, 17p- 
estradiol. (8) Effect of 17p-estradiol on the ligation of 
Pst I PRL chromatin fragments. Twenty-five or 100 ng of 
purified GI  I DNA plus 25 fg of Pst I PRL DNA PCR 
standard were amplified by PCR (24) with PRL primers 
I and 11 (1 7). The PCR reaction products were analyzed 
as described (Fig. 2C). Lane 1, 25 ng of GI1 control; 
lane 2, 100 ng of GI  1 control; lane 3, 25 ng of GI1 
estrogen; lane 4, 100 ng of G l  l estrogen. (C) Effect of 
estrogen on the ligation frequency of Pst I PRL chro- 
matin fragments with either 25 ng or 100 ng of G l  l DNA. 
The ligation frequency of Pst I PRL chromatin fragments 
was computed as described (15). C, control; E, estro- 
gen added. 

hormone-occupied ER to stabilize the inter- 
action between the enhancer and promoter 
regions of PRL, which would allow protein- 
  rote in interactions to occur between distal 
enhancer-binding proteins and promoter- 
binding proteins. This would result in a 
more stable preinitiation complex and aug- 
ment the initiation of transcription by 
RNA polymerase 11. Crenshaw et al. (22) 
showed that in transgenic mice high levels 
of PRL expression required synergistic inter- 
actions between the proximal promoter and 
the distal enhancer elements. We postulate 
that an intermediate chromatin structure 
between the 10-nm polynucleosome string 
and the 30-nm filament (23) mav exist and . ,  , 
allow widely separated transcription regula- 
tow domains to communicate bv direct 
protein-protein interactions, thus affecting 
the transcriptional activity of the gene. 
This loop structure may be intrinsic to the 
chromatin or "tethered" by specific protein 
factors. 
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An NAD Derivative Produced During Transfer RNA 
Splicing: ADP-Ribose 1"-2" Cyclic Phosphate 

Gloria M. Culver, Stephen M. McCraith, Martin Zillmann, 
Ryszard Kierzek, Neil Michaud, Richard D. LaReau, 

Douglas H. Turner, Eric M. Phizicky* 
Transfer RNA (tRNA) splicing is essential in Saccharomyces cerevisiae as well as in 
humans, and many of its features are the same in both. In yeast, the final step of this 
process is removal of the 2' phosphate generated at the splice junction during ligation. A 
nicotinamide adenine dinucleotide (NAD)-dependent phosphotransferase catalyzes re- 
moval of the 2' phosphate and produces a small molecule. It is shown here that this small 
molecule is an NAD derivative: adenosine diphosphate (ADP)-ribose 1"-2" cyclic phos- 
phate. Evidence is also presented that this molecule is produced in Xenopus laevisoocytes 
as a result of dephosphorylation of ligated tRNA. 

Intron-containing tRNA genes are ubiqui- 
tous in the nuclei of eukaryotes (1). Introns 
invariably occur one base 3' of the anti- 
codon, and intron removal is an essential 
event. Transfer RNA splicing is best under- 
stood in S. cerevisiae. Splicing there is 
initiated by an endonuclease that recogniz- 
es precursor tRNA (pre-tRNA) structure, 
measures the length of the anticodon stem - 
to locate the intron, and excises the intron 
to generate two half-molecules (2). These 
half-molecules are substrates for tRNA li- 
gase, which catalyzes four individual steps 
to restructure both ends of the half-mol- 
ecules and then join them. Ligation gener- 
ates a mature-length tRNA bearing a 2' 
phosphate at the splice junction (3). An 
NAD-dependent phosphotransferase that 
catalyzes removal of the splice junction 2'  
phosphate has been identified in yeast (4, 
5). This enzyme efficiently removes an in- 
ternal 2' phosphate from tRNA or from an 
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oligonucleotide as small as a dimer; howev- 
er, it will not detectably remove a terminal 
5', 3',  2', or 2'-3' cyclic phosphate from an 
oligonucleotide (4, 6). Dephosphorylation 
of ligated tRNA in vitro is accompanied by 
transfer of the 2' phosphate to an acceptor 
molecule, which forms an unusual small 
molecule that we call the phosphotransfer 
~roduct. We show here that the ~ h o s -  
photransfer product is an NAD derivative: 
ADP-ribose 1"-2" cyclic phosphate (Fig. 1). 
This phosphotransfer product is also made 
in Xenopus oocytes, which indicates that 
dephosphorylation of ligated tRNA occurs 
by the same process in vivo. 

To elucidate the structure of the phos- 
photransfer product, we treated it with 
various enzvmes. Phos~hotransfer ~roduct  
bearing a iadiolabeled transferred phos- 
phate can be generated, after endonucleo- 
lytic cleavage, ligation, and phosphotrans- 
fer ( 5 ) ,  from a pe-tRNAPhe transcript la- 
beled with [~i-~~P]adenosine triphosphate 
(ATP). Surprisingly, the purified phos- 
~hotransfer ~roduct  was resistant to hvdro- 
lysis with calf intestinal phosphatase (Fig. 
2, lane 2) and bacterial alkaline phospha- 
tase. This phosphatase resistance is highly 
unusual, as both phosphatases are nonspe- 
cific and would be expected to remove any 
0-linked phosphomonoester (7). Although 
the molecule was pyrophosphatase sensitive 
(Fig. 2, lane 3), subsequent treatment with 
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