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ABSTRACT Five overlapping cloned DNAs containing the
rat prolactin gene and its flanking sequences, as well as one
cloned DNA containing the rat growth hormone gene and its
flanking sequences, were isolated from a chromosomal DNA
library. They were characterized by restriction enzyme mapping
and electron microscopy. In each gene, the structural gene se-
quence coding for mature mRNA of a length of about 1 kilobase
is split into at least five segments by a minimum of four inter-
vening sequences. The two genes are similar in the length and
organization of their coding regions, consistent with the sug-
gestion that they are derived from a common ancestral gene.
However, the two genes differ greatly in the lengths of their
intervening sequences. That leads to a total gene leng of 10
kilobase pairs for the prolactin and 2.1 kilobase pairs for the
growth hormone gene. At least one intervening sequence ap-
pears to be in the 5' nontranslated regions of the prolactin and
growth hormone mRNA coding sequences.

The peptide hormones prolactin and growth hormone are
synthesized and secreted by specialized cells of the pituitary.
It has been suggested that they are of common evolutionary
origin (1). The physiological regulation of these hormones by
neurotransmitters and steroid and peptide hormones has been
studied extensively (2-9). Because of these features, prolactin
and growth hormone genes provide a good system for com-
parative structural and functional analysis of related genes and
for the study of hormone-regulated gene expression.
The construction of cDNA clones of prolactin and growth

hormone mRNA has been reported by other laboratories (6, 10,
11), but further analysis of these systems requires the isolation
of genomic DNA fragments that contain the entire coding se-
quences and the regulating elements that may be involved in
the expression of the genes.

This paper describes the isolation of rat prolactin and growth
hormone genes from a rat chromosomal DNA library by using
probes made from size-selected rat pituitary mRNA, and the
analysis of the structural organization of these two genes.

MATERIALS AND METHODS
Probes, Preparation, and Screening the Library. Female

Sprague-Dawley rats (-150 g) were injected twice, at weekly
intervals, with 25 ,ug of 17,3-estradiol in sesame oil. Total RNA
was isolated from pituitaries of the rats by using the guanidin-
ium thiocyanate/cesium chloride method (12). The RNA was
heat denatured and centrifuged on a 10-30% sucrose gradient
in the presence of 0.1 M NaCl/0.01 M Tris-HCl/1 mM EDTA,
pH 7.5/0.1% Sarkosyl with Escherichia coli 5S, 16S, and 23S
rRNA as markers. The RNA obtained from the 12S region of
the sucrose gradient was pooled and used as template for the
synthesis of [32P]cDNA probe. [32P]cDNA was made with

(dT)12-18as primer. A 100-,ul reaction mixture contained 50
mM Tris-HCI at pH 8.3,6mM MgCl2, 60mM KC1, 1 mM each
of dGTP and dTTP, 49 MAM [32P]dCTP (1.8 Mimol/Ci), 94 ,uM
[32P]dATP (1.7 Mumol/Ci), 20 mM dithiothreitol, and RNA at
6 Ag/ml (1 Ci = 3.7 X 1010 becquerels). The reaction mixture
was incubated at 37°C for 2 hr. The specific activity of the
[32P]cDNA synthesized was 109 cpm/,ug. The rat chromosomal
library has been constructed by Sargent et al. (13), who ligated
fragments from partially EcoRI digested DNA from the liver
of a single Sprague-Dawley rat to the arms of phage Charon 4A.
Screening was with 150-mm plates containing 1.5 X 104
plaque-forming units per plate as described by Benton and
Davis (14). Filters were pretreated, hybridized, and washed as
described by Wahl et al. (15) with 106 cpm of probe in 2.5 ml
of hybridization solution per filter for 24 hr. Positive plaques
were purified by two further screening cycles with plating at
much lower density.

Recombinant X Charon 4A phages were grown and purified
and the DNA was prepared as detailed by Maniatis et al. (16).
Recombinant phages were handled under P2/EK2 containment
as described by the National Institutes of Health Guidelines.

Restriction Analysis. Digestions with different restriction
endonucleases were done as recommended by the supplier
(New England BioLabs).

Cell-Free Translation and Product Analysis. Translations
of mRNA in rabbit reticulocyte translation systems using
[35S]methionine were done as recommended by the supplier
(Bethesda Research Laboratories, Rockville, MD). The trans-
lation products were analyzed either by two-dimensional gel
electrophoresis (17) or by immunoprecipitation with antisera
to prolactin and growth hormone in the presence of Staphylo-
coccus aureus (18) and one dimensional NaDodSO4/poly-
acrylamide gel electrophoresis (17).

Identification of Cloned DNAs by Translation of Hy-
brid-Selected RNA. One to 2 ,ug of purified cloned DNA was
heat denatured and applied to a nitrocellulose filter of about
0.16 cm2 as described (19). The DNA-filter was then finely
sliced into squares and hybridized with RNA. The hybridization
reaction was carried out at 44°C for 16 hr in 20 Ml of a solution
containing 6 ,ug of rat total pituitary RNA, 0.4 M NaCl, 0.01 M
1,4-piperazinediethanesulfonic acid (Pipes) at pH 6.4, 1 mM
EDTA, and 70% (vol/vol) formamide. The filters were then
washed 10 times with 0.15 M NaCl/0.015 M sodium citrate at
65°C and three times with 20 mM Tris-HC1/2 mM EDTA, pH
7.5 at 55°C. The last wash was incubated for 3 min at 55°C.
Bound RNA was eluted from the filter by boiling for 1 min in
10 mM EDTA, pH 6, with tRNA at 15 ug/ml. The RNA was
then recovered by ethanol precipitation and assayed by trans-
lation and immunoprecipitation as described above.

Abbreviations: Pipes, 1,4-piperazinediethanesulfonic acid; SV40, simian
virus 40; kb, kilobase or kilobase pairs.
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FIG. 1. Two-dimensional polyacrylamide gel analysis of in vitro

translation products of 12S rat pituitary RNA labeled with [35S]-
methionine. The pH range used in the isoelectric focusing dimension
was 3.5-10. The second dimension consisted of a 12.5% polyacrylamide
gel. E indicates protein synthesized by the translation system in the
absence of exogenous mRNA. P and GH indicate the preprolactin and
pregrowth hormone spots. They exhibit molecular heterogeneity
similar to that reported by Evans et al. (4).

Electron Microscopy. DNA-DNA heteroduplexes of various
cloned DNAs were formed and spread as described by Davis
et al. (20). The poly(A)+ fraction of total pituitary RNA was
obtained by oligo(dT) column chromatography (21) and used
in R-loop formation with cloned DNA or restriction enzyme
fragments of cloned DNA. The DNAs were crosslinked with
psoralen, and the R-loops were prepared as described by Ka-
back et al. (22) except the glyoxal treatment step was omitted.
The 3' poly(A) of the RNA in the R-loop was mapped by using
the simian virus 40 (SV40) poly(BrdUrd) labeling technique
(23) except the SV40 poly(BrdUrd) and R-loops were incubated
in 40% (vol/vol) formamide/0.08 M NaCl/0.05 M Pipes/5 mM
EDTA, pH 6.4, at 4°C before spreading. SV40 and phage
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kX174 DNAs were used as double- and single-stranded stan-
dards.

RESULTS
Screening the Library and Restriction Endonuclease

Mapping of the Clones. Previous studies have shown that
functional preprolactin and pregrowth hormone mRNAs have
sedimentation coefficients of about 12S, and that the prolactin
and growth hormone sequences are the most abundant com-
ponents of the 12S fraction of total pituitary RNA (10). The
practicality of using size-selected pituitary RNA as template
for the synthesis of [32P]cDNA probes for prolactin and growth
hormone sequences was tested as follows. Pooled 12S pituitary
RNA was translated in the rabbit reticulocyte system. The
products were analyzed in a two-dimensional polyacrylamide
gel as shown in Fig. 1. The major spots have the same isoelectric
points and molecular weights as reported by Evans et al. (4) for
preprolactin and pregrowth hormone. The translational
products were further identified as preprolactin and pregrowth
hormone by immunoprecipitation with specific antisera to
prolactin and growth hormone (data not shown). Thus, this
preparation of mRNA seemed adequate for the preparation of
probes.

This RNA fraction was then used as a template to synthesize
a [32P]cDNA probe for the screening of the rat chromosomal
library. With the probe, 900,000 recombinant plaques were
screened and 9 hybridizing clones were identified.
A schematic drawing of the restriction endonuclease maps

of six of these clones is shown in Fig. 2. Clones 11, 55,17, 16, and
6 contain overlapping EcoRI fragments as judged by restriction
enzyme analysis and heteroduplex mapping in the electron
microscope (data not shown). Clone 50 has no restriction frag-
ments in common with the other five clones. One other clone
(clone 13, not included in Fig. 2) contains a 16-kilobase pair (kb)
insert consisting of three EcoRI fragments: 0.4, 2.6, and 13 kb.
The 13-kb fragment hybridized weakly with the [32P]cDNA
probe. This clone has not been characterized further. The inserts
of the remaining two positive recombinant phage contain the
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FIG. 2. Restriction endonuclease map and structural organization of prolactin (PRL) and growth hormone (GH) genes. This map was generated
by restriction endonuclease, heteroduplex, and R-loop mapping. Black boxes represent prolactin and growth hormone structural gene sequences.
They were designated as 1, 2, 3, 4, and 5. The white boxes A, B, C, and D represent intervening sequences. R and L indicate the right and left
arms, respectively, of the X Charon 4A vector. The identities of the clones were determined by the translation of filter-selected pituitary RNA
(Fig. 3). The map is drawn so that the 5'-3' orientation of the RNAs determined in Fig. 4 b and d is from left to right.
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2 1l 14 1.5 11, and 17 DNA is preprolactin; and the translational product
of the RNA hybridized to clone 50 is pregrowth hormone.
Therefore, clones 6, 11, and 17 contain sequences coding for
prolactin and clone 50 contains sequences coding for growth
hormone. Because of the overlapping nature of the DNAs in
clones 11, 55, 17, 16, and 6, clones 55 and 16 must also contain
prolactin sequences.

Sequence Organization of Prolactin and Growth Hormone
Genes. The R-loop formed between the poly(A)+ RNA and
clone 17 contains four structural gene segments-1, 2, 3, and
4-separated by three intervening sequences-A, B, and
C-located within the 7.8-kb Sac I fragment (see Fig. 2), as
shown in Fig. 4a. The 7.3-kb Xba I fragment of clone 16 con-

tains the structural gene segments 4 and 5 separated by inter-
vening sequence D (Fig. 4b). The lengths are shown in Table
1. The position of structural gene segment 5 was mapped to
within 50 nucleotides from the external EcoRI site of the 7.4-kb
EcoRI fragment of clone 6, and the structural gene segment 1

F was mapped at 8.1 + 0.4 kb (t SD, n = 23) from the internal

EcoRI site of the 11.2-kb EcoRI fragment of clone 11 (data not
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FIG. 3. Characterization of the translation products of RNA
hybridized to cloned DNAs. F indicates the buffer front. Lane 1
contains molecular weight markers phosphorylase B (92,500), bovine
serum albumin (69,000), ovalbumin (46,000), carbonic anhydrase
(30,000), and cytochrome c (12,200; migrates with the buffer front).
Lanes 2-13 represent pairs of experiments in which total RNA (lanes
2 and 3) and RNA selected by various cloned DNAs (clone numbers
shown under the lanes) was translated. Aliquots of the translation
mixtures were immunoprecipitated with antiserum to prolactin (in-
dicated by P) and antiserum to growth hormone (indicated by G).
Lanes 14 and 15 are control experiments showing the translational
product of RNA selected by wild-type X phage DNA after immu-
noprecipitation with antiserum to prolactin and growth hormone,
respectively.

same EcoRI fragments as clones 6 and 17, but in the opposite

orientations with respect to the phage arms.

Identification of Cloned Rat DNA Fragments. The coding
abilities of the six recombinant DNAs were determined by
cell-free translation of hybrid-selected RNA specifically bound
to each cloned DNA. DNAs isolated from clones 6, 11, 13, 17,
and 50 and wild-type phage X were bound to filters, hybridized
with total pituitary RNA, and washed, and the RNA was eluted.
The protein products obtained by translating these RNA sam-

ples were analyzed by immunoprecipitation with antisera to
prolactin and to growth hormone and gel electrophoresis as

shown in Fig. 3. The results indicate that clone 13 and X do not
select RNA coding for either prolactin or growth hormone; the
translational product of the RNA that hybridized to clones 6,

shown).
The direction of transcription was determined by hybrid-

ization of the 3'-terminal poly(A) of the RNA in the R-loop with
the SV40 poly(BrdUrd) as shown in Fig. 4b. The orientation is
given in Fig. 2.
The R-loops formed between the pituitary poly(A)+ RNA

and the growth hormone clone, clone 50, also show four inter-
vening sequences-A, B, C, and D-separating five structural
gene segments-I, 2, 3, 4, and 5 (Fig. 4c). The lengths are given
in Table 1. The R-loop formed with the 11-kb EcoRI fragment
of clone 50 shows that the structural gene segment 1 was
mapped at 1.96 I 0.09'kb (n = 22) from the internal EcoRI site,
and the orientation of the transcription was determined as

mentioned above (Fig. 4d and Fig. 2).

DISCUSSION
The results described in this paper show that it has been possible
to screen a rat chromosomal DNA library with cDNA probes
made from size-selected mRNAs to isolate clones containing
prolactin and growth hormone sequences. Five overlapping
cloned DNAs were isolated and found to contain prolactin se-

quences. These clones represent a total of 38 kb of DNA from
the rat genome, with the prolactin sequence situated approxi-
mately in the middle. The identities of the restriction maps in
their overlapping parts suggest that the cloned sequences are
representative of uncloned genomic DNA.
A single clone of about 17.7 kb of rat genomic DNA con-

taining growth hormone sequence was isolated. The growth
hormone gene was situated within one 11-kb EcoRI frag-
ment.

Table 1. Length of the structural gene segments and intervening sequences of the prolactin gene
and the growth hormone gene

Mean length i SD, kb
Structural Intervening Prolactin Growth hormone

gene segment sequence gene gene

1 <0.05 <0.05
A 1.65 + 0.11 (n = 25) <0.1

2 0.17 + 0.03 (n = 30) 0.16 + 0.03 (n = 12)
B 1.70 k 0.13 (n = 30) 0.94 + 0.03 (n = 19)

3 0.15 I 0.03 (n = 33) 0.16 + 0.04 (n = 16)
C 2.67 ± 0.14 (n = 25) <0.1

4 0.18 i 0.04 (n = 33) 0.19 + 0.04 (n = 14)
D 3.0 i0.14 (n = 17) <0.1

5 0.19 + 0.05 (n = 20) 0.33 + 0.06 (n = 17)
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FIG. 4. Electron micrographs of R-loops and hybrids. (a) An RNA-DNA heteroduplex formed between pituitary poly(A)+ RNA and the
7.8-kb Sac I fragment of clone 17. A, B, and C represent intervening sequences separating structural gene segments 1, 2, 3, and 4. (b) R-loop
formed between pituitary poly(A)+ RNA and the 7.3-kb Xba I fragment of clone 16 DNA, with the 3' poly(A) of the RNA hybridized to a poly-
(BrdUrd)-tailed SV40DNA molecule. D represents the intervening sequence between structural gene segments 4 and 5. (c) R-loop formed between
pituitary poly(A)+ RNA and the 11-kb EcoRI fragment of clone 50 DNA. A, B, C, and D represent intervening sequences separating structural
gene segments 1, 2, 3, 4, and 5. (d) R-loop formed between pituitary poly(A)+ RNA and the 11-kb EcoRI fragment of clone 50 DNA with the
3' poly(A) of the RNA hybridized to a poly(BrdUrd)-tailed SV40DNA molecule. The dotted lines in the drawings represent RNA. The length
of SV40 DNA molecules (5.27 kb) is taken as 1.76 ,m.

It is not yet known whether these two hormone genes are
linked. However, from the present data, we can conclude that
if the two genes are linked the intergene distance must be larger
than 19 kb.

It has been reported that mature mRNAs coding for prolactin
and growth hormone-are about 1 kb in length (2,,5). We have
established the genomic organization of both genes within the
resolution of electron microscopy. It is clear that, in both cases,
the structural gene sequence is split into at least five segments
by a minimum of four intervening sequences, leading to total
gene lengths of 10 kb for the prolactin gene and 2.1 kb for the
growth hormone gene. The DNA sequence determined from
the cDNA clones showed that there are at least 17 nucleotides
(R. Maurer, personal communication) and 22 nucleotides (6)
at the 5' untranslated regions of the prolactin and growth hor-
mone mRNAs, respectively. Judging from the length of the
mRNAs and the length of the cDNA clones, the 5'-terminal
untranslated region of the mRNAs is likely to be longer than
50 nucleotides for both genes. If this assumption is correct, then
our data suggest that the 5' end (approximately 50 nucleotides
or less) of the nontranslated regions is not contiguous with the
remaining coding segments in either gene. Such leader se-
quences have also been seen in viral mRNAs and mammalian

cellular mRNAs (24-27). Two limitations of our conclusions
must be considered. The R-loops are only accurate to about 50
nucleotides. If a short (about 30 nucleotides) leader sequence
exists at the 5' end of the gene and is separated from the struc-
tural gene segment 1 by another intervening sequence, then the
R-loop would not reveal such a structure. The same argument
holds true for the 3' end of the gene. Several very small (0.1 kb)
intervening sequences were observed. It is quite possible that
additional smaller intervening sequences have not been de-
tected. The total length of structural gene segments of the
growth hormone gene is 0.9 kb, which is close to the estimated
length of the mRNA, excluding the poly(A) stretches at the 3'
end. However, the total length of the structural gene segments
of the prolactin gene is 0.7 kb, which is shorter than the esti-
mated length of the mRNA. This is probably due to technical
problems, including branch migration of the boundary between
RNA-DNA hybrid and duplex DNA. Irrespective of these res-
ervations, it appears that the coding sequences of prolactin and
growth hormone genes are similar in size and organization, but
the lengths of the intervening sequences differ greatly. If these
two genes have arisen by duplication as has been suggested, then
the ancestral gene may have had the same organization of
coding sequences as the present-day prolactin and growth

Proc. Natt. Acad. Sci. USA 77 (1980)
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hormone genes. Under this assumption, extensive changes in
the length of the intervening sequences must have taken place
since the divergence of the two genes. Whether the coding se-
quence segments define discrete functional domains in the
proteins as suggested by Gilbert (28) remains to be tested.
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ratory facilities for screening the DNA library; P. Dannies for providing
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I. Dawid, E. Fyrberg, and J. Mullins for advice; and C. Buckler, M.
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manuscript.
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