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ABSTRACT  The rat growth hormone gene was isolated on a
cloned 11.4-kilobase EcoRI-generated DNA fragment from a bac-
teriophage “library” of chromosomal DNA. The structural gene
sequence, =2.1 kilobases long, was identified by hybridization to
the corresponding cloned rat growth hormene cDNA and shown
to contain four intervening sequences. The complete primary
structure of the gene and the 5'- and 3’-flanking regions was de-
termined. The mosaic structure of exons and introns can be re-
lated to the different biological activities of growth hormone and
to the evolution from ancestral sequences of a gene that was the
precursor to the growth hormone and the related prolactin and
placental lactogen (chorionic somatomammotropin) genes. The
largest intron was found to contain a dispersed repetitive DNA
sequence flanked by perfect 18-base pair direct repeats. The mo-
bility of sequences of this kind could play a role in the observed
variation of intron sizes and in rearrangements of mammalian
genes.

Growth hormone (GH) is a member of a set of structurally re-
lated peptide hormones that includes prolactin (Prl) and pla-
cental lactogen (PL; chorionic somatomammotropin) (1, 2).
Analysis of the primary structures of the proteins and of cDNAs
to each of their mRNAs suggests that these hormone genes
evolved from a common precursor (3—6). There are also regions
of internal homology within each protein suggesting that the
precursor of this gene family was formed by duplications of a
smaller ancestral gene (3). Human (h) GH has been found to be
a mixture of slightly different proteins (7). Although some of the
heterogeneities may be explained by posttranslational modifi-
cations, others may reflect variant genes or differences in pro-
cessing of the same mRNA (8). Thus, knowledge of the primary
GH gene structure may provide information about the evolution
of this family of genes and about the mechanisms by which sev-
eral hormone forms can be produced. The GH gene is expressed
in the pituitary and in cultured rat pituitary tumor cells (2). This
expression is regulated by hormones and other factors (2). Thus,
the gene is also of interest to study hormone action. Knowledge
of its primary structure should facilitate such investigations.
This paper presents the complete nucleotide sequence of the
cloned rat (r) GH gene isolated from a chromosomal DNA
library.

MATERIALS AND METHODS

Hybridization Probes and Screening of the Rat DNA Li-
brary. The rat chromosomal DNA library, which has been de-
scribed by Sargent et al. (9) and was provided by that group,
was composed of a partial EcoRI digest of rat liver DNA cloned
into the bacteriophage A Charon 4A. Screening of the library

was carried out as described (10). The rGH ¢cDNA fragment
isolated from the recombinant plasmid pRGH-1 (5) was used
as hybridization probe after radioactive labeling with random
DNA primers (11). Nitrocellulose filters were pretreated and
hybridized as described (12). Positive plaques were purified by
two further cycles of plating at much lower densities. A Charon
4A phage were grown and purifed as described (13).

DNA Sequence Analysis. DNA sequence analysis was car-
ried out by either the chemical degradation method (14) or the
chain termination method (15). In the latter case, fragments of
the cloned DNA were subcloned into the bacteriophage M13
mp7 (16) and analyzed by using a synthetic primer comple-
mentary to the codons for amino acids 13-17 of the B-galacto-
sidase gene (kindly provided by R. Crea).

Biosafety Conditions. All experiments involving recombi-
nant plasmids and phages were carried out under containment
conditions recommended by ASCORD (Australia) or National
Institutes of Health guidelines for recombinant DNA research.

RESULTS AND DISCUSSION

Isolation of Cloned rGH Sequences. A cloned rGH cDNA
probe was used to screen the rat chromosomal DNA library. Of
the 8 X 10° recombinant plaques screened, five clones hybrid-
ized with the **P-labeled cloned cDNA. Restriction endonu-
clease analysis of DNA isolated from these clones showed that
they fall into two groups. The first group contains both an 11.4-
kilobase (kb) and a 1.5-kb EcoRI fragment. The 11.4-kb frag-
ment hybridizes strongly with the rGH cDNA and contains the
GH gene. The GH gene on an 11.4-kb EcoRI fragment was also
found in DNA from rat liver and cultured pituitary (GH,) cells.
This fragment appears to be identical to that characterized by
heteroduplex and restriction endonuclease mapping by Chien
and Thompson (17). The second. type of clone contains four
EcoRlI fragments (1.7, 2.1, 3.6, and 4 kb). Only the 4-kb frag-
ment hybridizes (albeit only weakly) with the rtGH ¢cDNA
probe, and it probably does not contain the rtGH gene as no
additional EcoRI fragment of this size could be detected on au-
toradiography of the genomic blots. Digestion of this type of
clone with several other restriction endonucleases also gave rise
to a completely different pattern of fragments than that found
in the rGH gene (Fig. 1). The nature of these sequences is un-
known; they could conceivably encode the closely related PL
gene or a GH “pseudogene.”

One clone (ArGH-13) camrying the rGH gene was analyzed
further. Digestion of the 11.4-kb EcoRI fragment of ArGH-13
with HindIII gives rise to a 5.8-kb fragment that hybridizes to
the cloned rGH ¢DNA. This fragment (prGHeh 5.8) was sub-
cloned into the EcoRl/HindIII site of pBR322 for further char-
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Abbreviations: GH, growth hormone; kb, kilobase(s); rGH and hGH,
rat and human growth hormones, respectively; PL, placental lactogen;
Prl, prolactin; bp, base pair(s).
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Fic. 1. Map of the rGH gene. (A) Restriction endonuclease map of GH gene derived from rat liver DNA. (B) Schematic of the A-rGH-13 clone
containing two EcoRI fragments; the 11.4-kb fragment comprised the rGH gene. R and L, right and left arms, respectively, of A Charon 4A. (C)
Enlargement of the 5.8-kb EcoRl/HindIll fragment, which contained the structural GH sequences and was subcloned in pBR322 (prGHeh 5.8).
(D) Fragments of pRGH-1 used for establishing the restriction map. m, coding regions; [, 5’- and 3’-untranslated regions. For clarity, only a few
restriction endonuclease sites are shown in B and C. kbp, kilobase pairs.

acterization. The structure of this fragment and rGH ¢DNA is
compared with the restriction endonuclease sites in ArGH-13
in Fig. 1. This comparison shows at least four intervening se-
quences interrupting the rGH coding region. The arrangement
of introns and exons in this gene was determined by using spe-
cific fragments of the cloned cDNA to hybridize with restriction
digests of prGHeh 5.8 that had been fractionated by agarose gel
electrophoresis and transferred to nitrocellulose filters (18).
Similar digestions and hybridizations were carried out on DNA
isolated from rat liver and GHj cells; by these criteria, the struc-
tural organization of the cloned rGH gene is identical to that
found in normal liver and is indistinguishable from that in cul-
tured pituitary tumor cells in which the gene is expressed (Fig.
1).
Primary Structure of GH Gene. The complete nucleotide
sequence of the gene (2088 bp) and adjacent regions (400 bp at
the 5’ and 70 bp at the 3’ end of the gene) in prGHeh 5.8 was
determined (Fig. 2). All restriction sites previously determined
in the gene and the surrounding regions from mapping data
were confirmed by this analysis. The first intron of the gene
(I,) interrupts the coding sequence at codon —23 (where it splits
the GAC that encodes aspartate). The other introns, I, I, and
Ip occur between codons 31/32, 70/71, and 124/125,
respectively.

The GH mRNA sequence contained in the five exons agrees
completely with that determined from the cDNA sequence ex-
cept that the codon for the first amino acid of the mature protein
was found to be that for phenylalanine (UUC), as originally pre-
dicted from protein-sequence data (4), instead of that for leucine
(UUA) found in rGH cDNA and that an extra ribosylthymine

residue occurs in the cDNA clone between position 2075 and
2076 in the 3'-untranslated region.

Putative Promoter Region of rGH Gene. A feature common
to eukaryotic genes is the Goldberg-Hogness box found 27-33
nucleotides to the 5’ side of the initiation point of mRNA tran-
scription (19). In the rGH gene such a sequence (5' T-A-T-A-
A-A) occurs in the anticipated position (—30) with respect to the
putative mRNA cap site. We assigned nucleotide 1 as the pu-
tative cap site as, in preliminary studies, reverse transcription
of GH mRNA (from cultured rat pituitary GH; cells) primed
with a rtGH cDNA fragment terminated at the nucleotide at
position 1 (data not shown).

If GH mRNA transcription initiates as indicated in Fig. 2,
then the largest RNA precursor should be =2100 nucleotides.
Although mRNA precursors of this size have been identified,
much larger precursor forms have also been reported (20) and
identified by G. Cathala (personal communication). The nature
of such large mRNA precursors is currently unkown.

The 5’ end of the gene is of interest in terms of possible struc-
tures that may be important in regulating its expression. Apart
from the Goldberg—Hogness box, the region around nucleotide
—80 has been found to be conserved in other mammalian gene
families (21, 22). Although the structure of other GH (or related)
genes has not been published, a-partial 5’ sequence of one of

‘the hGH genes made available to us by'P. H. Seeburg (personal

communication) shows that the sequence between nucleotides
—88 and —74—C-C-A-T-G-A-A-T-A-A-A-T-G-T-A—is com-
pletely-conserved in the human gene except for a cytidine sub-
stitution at position —83. Therefore, the question must be
raised of whether this structure has importance for GH gene
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Fic. 2. Sequence of the rGH gene and adjacent regions. Translation into the amino acid sequence of rat pre-GH is shown; amino acid 1 indicates
the first amino acid of the mature protein and amino acids —26 to —1 represent the signal peptide sequence. The Goldberg—Hogness sequence T-
A-T-A-A-A starting at position —30 is underlined. Nucleotide +1 represents the putative 5’ end of the mRNA (capping site) and is designated “CAP.”
The poly(A) addition site is indicated by an arrow. In intron B (nucleotides 417-1133), the three long repeated sequences are underlined; asterisks
indicate the start of each repeat. The 18-bp direct repeats flanking these long repeated structures are overlined.

expression. By contrast, comparison of the GH gene structure
with that of the ovalbumin gene (also regulated by steroids) did
not show obvious similarities.

Termination Region of rGH Gene. As determined previ-
ously from cloned rtGH ¢cDNA, the 3'-untranslated region of the
mRNA is 100 nucleotides long and contains the characteristic
A-A-U-A-A-A sequence (23). This portion of the mRNA is con-
tiguous in the gene and is immediately followed by a region rich
in ribosylthymine residues with two stretches of poly(T),;. Sim-
ilar structures have been observed in the 3'-flanking region of
some, but not all, eukaryotic genes (24).

Evolution of GH Gene Family—Structure-Function Rela-
tionships. It is of interest to compare the GH gene with those
of the related PL and Prl genes. Although complete sequence

data for these other genes have not been reported, some com-
parisons can be made from heteroduplex mapping data (17),
partial sequence data of the rPrl gene (25), and the unpublished
observations of N. Cooke (rPrl) and P. H. Seeburg (h\GH). Like
the rGH gene, the hGH and hPrl genes both contain four in-
trons, although the introns of the Prl gene are larger than those
of the GH genes. Further, the exon-intron junctions in all three
genes occur at identical locations when the coding regions are
aligned to maximize amino acid homology (6). The similar or-
ganization of these genes is thus consistent with the hypothesis
that they have a common evolutionary origin. It is of interest
to compare regions of internal homology previously observed
in GH, Prl, and PL (3) to the location of the exons (Fig. 3). As
three of these homologous regions are separated by introns, it
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FiG. 3. Schematic of the structural organization of the rGH gerte. Exons (E,~Ej) are shown as boxes and introns and flanking regions are shown
as bars. 20K refers to a deletion form of hGH that omits amino acids 32-46. as peptide, site (positions 136—145) at which hGH is proteolytically
cleaved to a form that shows enhanced growth-promoting activity; B, untranslated gene sequences; m, homologous sequences; numbers in paren-

theses represent amino acid numbers.

is conceivable that the gene did evolve by duplications after
which an intron separating the third and fourth regions of ho-
mology in exon 5 was removed (Fig. 4). The absence of a ho-
mologous region in exon 3 suggests that it was added after du-
plication of the ancestral sequence, perhaps with the addition
of a new biological function.

The physiological actions of GH can be divided into growth-
promoting and “anti-insulin-like”- (diabetogenic). Several pro-
teolytically modified forms of hGH have been examined (7). A
peptide (amino acids 44-77) containing mainly amino acids
coded by exon 3 (amino acids 32-70) has anti-insulin-like but
not growth-promoting activity (26). Thus, this activity may be
contained completely within exon 3. This idea is further sup-
ported by the demonstration that a variant form of hGH (20K
variant) lacking amino acids 32-46 (coded for by exon 3) does
not possess certain anti-insulin-like but does have growth-pro-

- moting activity (Fig. 3; ref. 7).

Proteolytic cleavage of GH can remove amino acids 135-146
(Fig. 3)to yield a two-chain structure connected by a disulfide
bridge. This a; peptide shows enhanced growth-promoting ac-
tivity although destruction of the cysteine-53 (exon 3) — cys-
teine 165 (exon 5) bond abolishes this activity (7). Thus, although
sequences contained in exon 3 appear to be responsible for dia-
betogenic activity, some amino acids encoded in this exon are

Fic. 4. Model for the evolution of GR, Prl, and PL genes. R, reg-
ulatory sequence; A and B, coding sequences.

involved, along with some other portion of the molecule, in
maintenance of the structure needed for growth-promoting ac-
tivity. Exon 3 might therefore have been used initially to gen-
erate the tertiary strucure required for the activity of the prod-
uct of the gene that was the precursor of GH and related genes.

The pessible sequence of events in evolution of the GH gene
family shown in Fig. 4 suggests that the most primitive gene
may have included regulatory sequences (R) required for
expression, as well as coding sequences (A) that later were du-
plicated. Exon R carries the promoter region as well as the se-
quences for the 5'-untranslated region of the mRNA. The pres-
ence of an intron separating a “regulatory exon” at the 5’ end
of the gene from the functional domains of the coding portion
is also seen in other mammalian genes (22, 24, 27, 28). Addi-
tional coding sequences (B) were added later. The intron sep-
arating the last two homologous regions of coding sequences
may have been removed. Genes that have this overall structure
appear to be the precursor for the entire GH gene family. Based
on the ¢cDNA (4-6) and protein structural analysis (3), it appears
that the first duplication-of this precursor led to one gene that
became the Prl gene and a second one that served as the pre-
cursor to both GH and PL.

Structure of Introns in the rGH Gene. The border sequences
of all four introns in the rGH gene are in good agreement with
the consensus-sequence for such regions (29). As with intron-
exon junctions of other eukaryotic genes, there are ambiguities
in the precise splicing points, but each intron begins with G-T
at the'5’ terminus and ends with A-G at the 3’ terminus. Note-
worthy is that the human 20K variant protein (lacking amino

.acids 32-46; Fig. 3) does not arise by proteolytic cleavage. In-

stead, from a previous partial sequence of the hGH gene (8),
it appears that a second RNA splicing point in exon 3 can account
for removal of the codons on the 5’ portion of the exon and gen-
eration of the 20K form. Such a potential alternative RNA splic-
ing point ending in A-G and containing other.nucleotides con-
sistent with a consensus sequence (29) for RNA splicing is also
found in the rat.gene, although whether or not-RNA splicing
at this alternative point occurs in the rat is not known.

“Three of the rGH gene introns are relatively small and similar
in size (I,, 194 bp; I, 160 bp; Iy, 213 bp)-while the second is
much larger (I, 718 bp). Intron B also has a lower G-C content
(45.5%) than the other introns (56%). This results from three
long A-T-rich regions in Ig.

I also exhibits some interesting structural features. It con-
tains 2 195-bp tandem repeat; these repeats have 96% homology
(eight nucleotide substitutions and three insertions/dele-
tions). This structure is immediately followed by a 73-bp frag-
ment homologous (66%) to the first part-of the 195-bp repeat
(Fig. 2). Each repeat ends with a long poly(A) stretch. The 508-
bp segment of DNA containing the three long repeats is
bounded by perfect 18-bp repeats (Fig. 2). The sequence of this
repeat, 5' A-A-C-A-G-T-A-A-T-G-A-C-A-G-A-G-A-G, itself
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contains a palindromic symmetry with the center between the
7th and 8th residues.

The overall structure of this 508-bp DNA segment resembles
that of dispersed repeated sequences in mammalian DNA
(30-32). Such sequences are present in =3 X 10° copies in the
haploid mammalian genome (30-32). The biological signifi-
cance of these sequences is not known, although they can be
transcribed, and it has been proposed that they play a role in
processing of pre-mRNA (30). For instance, the Alu family of
dispersed repetitive sequences in humans contains (i) internal
repeats with various levels of homology, (ii) 3'-teminal adeno-
sine-rich regions, and (iii) direct terminal repeats. The terminal
repeats differ in each case analyzed so far, suggesting that they
were generated during insertion (30, 32) and represent dupli-
cated chromosomal DNA sequences where insertion occurred.
Thus, the data raise the possibility that the 508-bp structure of
I occurs elsewhere in the rat genome. Preliminary results us-
ing I as a hybridization probe indicate that this sequence is a
member of the dispersed repetitive sequences and is further-
more found in at least three other positions in the next 7 kb on
the 3’ side of the rGH gene. It is of interest in this respect that
intron B of the hGH gene is only 200 bp long and does not con-
tain large repeated sequences (P. H. Seeburg, personal
communication).

Although the 508-bp sequence in Iy is a member of a family
of dispersed repetitive sequences, it is somewhat unusual in that
the length of such sequences in the eukaryotic genome are
usually =300 bp (30). One explanation may lie in the structure
of the I insertion itself. As the 195-bp tandem repeat is 96%
homologous, its duplication (via unequal crossing over) must
have occurred recently, possibly after the insertion into the in-
tron. If this is the case, then the inserted sequence was only 313
bp long, which is similar to the size of interspersed repeated
sequences. However, we cannot exclude the possibility that this
duplication event occurred elsewhere in the DNA and that the
whole 508-bp fragment was inserted into the intron.

The finding of repetitive DNA in an intron suggests mech-
anisms whereby such sequences can affect intron size. This
could be due not only to the insertion itself but also to the po-
tential for the sequences, once inserted, to be duplicated or
deleted. Short stretches of simple repeated sequences such as
A-T-A-T-A-T, adenosine-rich regions and the three long repeats
themselves found in the gene are factors that can increase the
frequency of unequal crossing over and deletions (33, 34). Anal-
ysis of the same repetitive sequences lying 3’ to the rGH gene
should provide information as to whether the terminal direct
repeats are an integral part of this sequence or are created on
insertion.

It has been proposed that dispersed repetitive sequences are
“hot spots” for genetic recombination and may be responsible
for rearrangements of genes and exons (35). The idea that these
sequences could be involved in the movement of genes is con-
sistent with the findings in this and other (22, 32) studies of such
sequences in the proximity of particular genes. However, the
proposal that these repetitive sequences are involved in the
rearrangements of particular exons requires that they occur
between exons; the current finding of such sequences in an in-
tron of the rGH gene is consistent with such an idea.
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