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ABSTRACT We have cloned in Escherichia coli a DNA
copy of mRNA coding for bovine preproparathyroid hormone.
Double-stranded DNA was inserted into the Pst I site in plasmid
pBR322 by using the poly(dG)poly(dC) homopolymer extension
technique to join the DNA molecules. Recombinant plasmids
coding for preproparathyroid hormone were identified by the
plasmid’s ability to arrest specifically the translation of pre-
proparathyroid hormone mRNA. The nucleotide sequence of
the Yargest recombinant was determined by using both chemical
and enzymatic techniques. The parathyroid insert contains 470
nucleotides—102 nucleotides from the 5’ noncoding region of
the mRNA, 345 nucleotides representing the entire cofing re-
gion, and 23 nucleatides from the 3’ noncoding region. The
coding sequence clarifies the hormone’s amino acid sequence,
which has been disputed. Codon usage is discussed.

Parathyroid hormone (PTH) regulates the blood level of cal-
cium, and in turn, blood calcium regulates the secretion of PTH.
Although modulators of PTH secretion have been extensively
delineated (1), the regulation of synthesis of PTH is poorly
understood. Pulse-chase studies of parathyroid gland slices (2)
and translation of mRNA in cell-free systems (3) have shown
that PTH (84 amino acids) is first synthesized as a 115-amino
acid precursor, preproparathyroid hormone (PreproPTH), with
a 31-amino acid NHy-terminal extension. The first 25 amino
acids are rapidly cleaved to yield the 90-amino acid propara-
thyroid hormone, which is subsequently converted to PTH. As
a first step in studying further the regulation of PTH biosyn-
thesis, we have cloned in Escherichia coli a DNA copy of PTH
mRNA. Nucleotide sequence analysis of the cloned DNA
demonstrates that one clone contains the entire coding region
plus portions of both the 5" and 3’ noncoding regions of the
mRNA.

MATERIALS AND METHODS

Enzymes. Reverse transcriptase was provided by J. W. Beard
(Life Sciences, St. Petersburg, FL). DNA polymerase I and
polynucleotide kinase were purchased from Boehringer
Mannheim, S1 nuclease and lysozyme were from Sigma, ter-
minal transferase was from Bethesda Research (Cockeysville,
MD), and restriction endonucleases and DNA polymerase I
(large fragment) were from New England Biolabs.

Bacteria and Nucleic Acids. E. coli x1776 (4), a certified
EK2 host, was provided by R. Curtiss and E. coli carrying
plasmid pBR322 (5) was provided by A. Bothwell. pBR322, a
certified EK2 vector,$ after amplification with chloramphenicol
was purified on two CsCly gradients after use of the cleared
lysate technique (6). PTH mRNA was partially purified as
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described (7). Vesicular stomatitis virus RNA was isolated as
described (8).

Synthesis of Poly(dC)-Tailed Double-Stranded DNA. DNA
complementary in sequence to PTH mRNA was synthesized
by using minor modifications of the protocols of Friedman and
Rosbash (9) and Efstratiadis et al. (10). mRNA (18 ug) was in-
cubated in a 2.2-ml reaction mixture containing 169 units of
reverse transcriptase (220 ul), 50 mM Tris-HCI (pH 8.3), oli-
go(dT) at 27 ug/ml, 200 uM [a-32P]dATP and dTTP (both 68
mCi/mmol; 1 Ci = 3.7 X 10!? becquerels), 900 uM dGTP and
dCTP, 120 mM KClI, 10 mM dithiothreitol, and 10 mM MgCls.
After 1 hr at 43°C the reaction mixture was extracted with an
equal volume of phenol/chloroform/isoamylalcohol (25:24:1),
55 ug of E. coli tRNA was added, and the nucleic acids were
precipitated with 2 vol of ethanol. The pellet was treated with
NaOH, neutralized, and chromatographed over Sephadex
G-100 as described (10).

The cDNA was made double-stranded with DNA poly-
merase I according to the method of Efstratiadis et al. (11),
except that 1/15 vol of a HeLa cell S-100 fraction (12) provided
by J. Rose was added to 1 vol of reaction mixture. The nucleic
acid was then extracted with phenol/chloroform, precipitated
with ethanol, passed over a column of Sephadex G-100, digested
with S1 nuclease (11), extracted again with phenol/chloroform,
and precipitated with ethanol. The DNA was then centrifuged
through a gradient of 5-20% sucrose in 0.8 M NaCl as described
(13). The largest molecules (20 ng) were dialyzed against 10 mM
Tris-HCI, pH 7.6/0.1 mM Nag EDTA, 5 ug of tRNA was added,
and the nucleic acids were ethanol-precipitated. Poly(dC) ho-
mopolymer extensions, approximately 20 nucleotides long, were
added by using terminal transferase as described (14). Similarly,
poly(dG) homopolymer extensions, 20 nucleotides long, were
added to Pst I-cut pPBR322 DNA after phenol extraction, di-
alysis, and ethanol precipitation of the DNA.

Transfection of E. coli x1776. Poly(dG)-tailed pBR322 (400
ng) and 30 ng of poly(dC)-tailed parathyroid DNA were an-
nealed in 0.1 M NaCl/10 mM Tris-HC], pH 7.6/0.1 mM EDTA
for 2 min at 65°C and then for 2 hr at 42°C. E. coli x1776 was
grown and treated with 70 mM MgCl,/30 mM CaCly/40 mM
Na acetate, pH 5.6, as described (15). Transformation was
performed in a biological safety cabinet in a P3 physical con-
tainment facility according to the then current National Insti-
tutes of Health guidelines for recombinant DNA research.§

Hybrid-Arrested Translation. Individual clones were grown
in 200 ml of FB medium (25 g of tryptone/7.5 g of yeast ex-
tract/1 g of glucose/6 g of NaCl/50 mM Tris-HCI, pH 7.6,
taken to 1 liter) supplemented with thymidine 50 at ug/ml,

Abbreviations: PTH, parathyroid hormone; PreproPTH, prepropara-

thyroid hormone
§ National Institutes of Health, Federal Register, July 7, 1976.
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diaminopimelic acid at 100 ug/ml, and tetracycline at 20
pg/ml; then, they were amplified with chloramphenicol. The
plasmid DNA was isolated by using the cleared lysate technique
(6) followed by two centrifugations in CsCl/ethidium bromide
equilibrium gradients. Hybrid-arrested translation was per-
formed as described (16).

Restriction-Enzyme Analysis. Five micrograms of the PTH
recombinant plasmid was digested with Pst I in a 100-ul re-
action mixture. After digestion, 5 units of DNA polymerase I
(large fragment) was added and incubation was continued for
5 min at 37°C. The reaction mixture was then transferred to
another tube containing 10 uCi of each of four [a-32P]JdNTPs
(400 Ci/mmol) and the reaction was continued for 5 min at
87°C. Then the reaction mixture was adjusted to 40 uM of each
of the four ANTPs and the reaction was continued for 10 min.
The digest, now possessing molecules labeled with 32P at the
8’ end, was precipitated with ethanol and then fractionated by
electrophoresis on a 10% polyacrylamide slab gel in Tris/bo-
rate/EDTA buffer (17). The eukaryotic insert was then eluted
from the gel (18). Aliquots of the insert were then digested with
restriction enzymes and the procedures of 3’-end labeling and
gel electrophoresis were repeated. For reactions involving en-
zymes that produce DNA with single-stranded 5’ extensions
(e.g., Hinfl), the enzyme was removed by chloroform extraction
before end-labeling.

DNA Sequence Analysis. Both the chemical (18) and en-
zymatic dideoxynucleotide (19) methods were used without
modification. Restriction fragments were 5-end labeled by
using the polynucleotide kinase exchange reaction (20).

Proc. Natl. Acad. Sci. USA 76 (1979)

RESULTS

Construction of cDNA Clones and Translational Analysis.
Earlier studies (7, 21) have established that the mRNA coding
for PreproPTH is a predominant mRNA in the parathyroid
gland and that use of formamide/sucrose gradients and oli-
go(dT)-cellulose chromatography can lead to partial purifica-
tion of the mRNA. Furthermore, cDNA made from this mRNA
can function in a linked transcription/translation system to
produce the entire PreproPTH molecule (7) and thus contains
all the structural information encoded in the mRNA. We made
this cDNA double stranded, selected the largest DNA molecule
on a sucrose gradient, and introduced the DNA into plasmid
pBR322 by using the poly(dG)-poly(dC) homopolymer exten-
sion technique. From 15 ng of double-stranded parathyroid
DNA, we obtained 49 transformed colonies with the pattern
of tetracycline resistance and ampicillin sensitivity, the pattern
expected from bacteria containing pBR322 with eukaryotic
inserts at the Pst I site.

Six of these clones were grown and the plasmid DNA was
isolated. We found it important to purify the plasmid DNA by
two cycles of centrifugation through CsCl, because DNA after
only one centrifugation gave erratic results in hybrid-arrested
translation. After Pst I digestion, phenol extraction, and ethanol
precipitation, each DNA, as well as control pBR322 DNA, was
hybridized to 50 ng of parathyroid gland mRNA as indicated
in Fig. 1. Vesicular stomatitis virus RNA was added to the
mixture to provide control mRNAs that stimulated protein
synthesis as well as did PreproPTH mRNA. After annealing,

10 11 12 13 14 15 16 174 18

FI1G. 1. Hybrid-arrested translation. Plasmid DNA was annealed with 50 ng of parathyroid gland mRNA that had been purified by oli-
go(dT)-cellulose chromatography and sucrose gradient centrifugation. A similar amount of VSV mRNA was added to reactions 1-16. One half
of each sample was heated and cooled quickly after annealing. After ethanol precipitation along with 25 ug of yeast tRNA, each sample was
added to a 50-ul wheat germ translation reaction mixture in the presence of [3>S]methionine. Five microliters of each sample was then electro-
phoresed through a 15-20% polyacrylamide gradient gel containing sodium dodecyl sulfate, and fluorography was performed on the dried gel.
Arrow points to PreproPTH. Lanes: 1, no DNA was added and mRNA was mock-annealed, heated, and quick-cooled; 2, same as lane 1 but with
no heating; 3, 1 ug of pBR322 DNA, heated; 4, same as lane 3 but with no heating; 5, 2 ug of pBR322 DNA, heated; 6, same as lane 5 but with
no heating; 7, 4 ug of pPBR322 DNA, heated; 8, same as lane 7 but with no heating; 9, 1 ug-of pPPTHm1 DNA, heated; 10, same aslane 9 but with
no heating; 11, 2 ug of pPTHm1 DNA, heated; 12, same as lane 11 but with no heating; 13, no DNA or mRNA added, heated; 14, same as lane
13 but with no heating; 15, no DNA added, mRNA was not mock-annealed but was heated and added directly to translation mixture; 16, same
as lane 15 but with no heating; 17, PTH mRNA mock-annealed without DNA or VSV mRNA; 18, same as lane 17 but with no heating.
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FIG. 2. Restriction enzyme map of pPTHm1. Numbers above the Hpa II and Pst I sites correspond to the cutting sites on pPBR322 (32);
numbers above the insert correspond to the numbers used in Fig. 3 to describe the eukaryotic insert. Lines below the map indicate the restriction
fragments used in chemical sequence determinations. Solid parts of each line indicate areas of readable sequence. Fragments 5, 6, 9, and 10 were
separated on a 5% polyacrylamide strand-separating gel (18); all other fragments were generated by using combinations of restriction enzyme
digestions to produce molecules with only one 5’-labeled end. Dots represent the 5’ end so labeled. Mbo II-generated fragments 5, 6, 9, and 10
were also digested with exonuclease III and used as primers for dideoxynucleotide sequence analysis, using as template pPTHm1 DNA cut with
EcoRI, and then were partially digested with exonuclease III or T'7 exonuclease.

the DNA/RNA mixture was divided in half, and one half was
heated and cooled quickly to break up the hybrids. After pre-
cipitation with ethanol, the nucleic acids were then added to
a wheat germ cell-free protein-synthesizing system in the
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presence of [33S]methionine. The proteins made were then
electrophoresed, and autoradiography was performed. Fig. 1
shows that pPTHm1 DNA, in each of three concentrations,
inhibited the translation of PreproPTH while not affecting the
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FiG. 3. Nucleotide sequence of sense strand of parathyroid insert in pPTHm1. Orientation of insert is indicated in Fig. 2. Numbers above
the protein sequence refer to amino acid position; by convention —31 to —7 is “pre” sequence, —6 to —1 is “pro” sequence, and +1 to +84 is PTH

sequence.
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translation of other proteins (lanes 10, 12, and 14). Furthermore,
heating and .quick-cooling of the nucleic acid restored the
translation of PreproPTH. In contrast, pBR322 DNA at simnilar
concentrations had no effect on protein synthesis (lanes 3-8).

By using DNA from pPTHm1 as a probe, we screened our
other 48 clones for PTH inserts larger than that of pPTHm1.
A toothpick tip was used to mix a small portion of each indi-
vidual colony taken from an agar plate in Tris/EDTA/su-
crose/lysozyme as described (22). After precipitation of proteins
with potassium acetate and sodium dodecyl sulfate and diges-
tion of the nucleic acids with RNase and then Pst I, DNA from
each colony was electrophoresed on a 1.4% agarose gel (23) and
transferred to nitrocellulose (24). PTH inserts with intact Pst
I sites were detected by hybridization with nick-translated
pPTHm1 DNA. Seven of 48 colonies yielded bands of size
similar to the insert in pPTHm1, but no larger bands were
found (data not shown).

Restriction Enzyme Analysis and DNA Sequence Analysis.
The eukaryotic insert of pPTHm1 was isolated, digested with
a series of restriction endonucleases, labeled with 32P at the 3’
end, and fractionated by electrophoresis on a 10% acrylamide
gel (17). The enzymes BamHI, HindIll, EcoRI, Sal I, Hincll,
Hinfl, Hae 111, Hpa |, Bgl 11, Xho |, Hha 1, and Msp 1did not
cut this insert. Mbo 11, Alu 1, Taq 1, and Sau 3A did cut the
insert (Fig. 2). (Alu sites are omitted from the figure because
fragments cut by Alu I were not used in the subsequent se-
quence analyses.)

The sequences of the restriction enzyme-generated fragments
noted in the legend to Fig. 2 were determined by the chemical
method. Furthermore, the Mbo 1I fragments were used as
primers for dideoxynucleotide sequence analysis after either
partial exonuclease III or T7 exonuclease digestion of EcoRI-cut
pPTHmI1 DNA.

We found that the 5-end labeling of restriction fragments
generated by the enzymes Mbo 1I and Pst I was inefficient,
presumably because these fragments lacked 5’ single-stranded
DNA extensions. Therefore, we added DNA polymerase (large
fragment), 1 unit/ug of DNA, for 5 min at 37°C to the re-
striction enzyme digestion reaction mixtures at the end of the
digestions and then extracted the DNA with phenol to terminate
the reactions. These modified fragments were more efficiently
end-labeled, presumably because the 3’ — 5’ exonuclease ac-
tivity of the DNA polymerase I-generated 5 single-stranded
DNA extensions at the ends of the fragments.

Because we found that the nucleotides at the beginnings and
ends of restriction fragments were usually difficult to resolve,
we used a number of different restriction enzymes to generate
overlapping fragments for analysis by chemical sequence
analysis. Furthermore, the use of the dideoxynucleotide en-
zymatic sequence analysis strategy confirmed the sequence
derived by the chemical approach. Because restriction frag-
merits are used as primers of DNA synthesis in this technique,
the DNA synthesized by using specific primers allowed addi-
tional independent data for ordering the sequence-analyzed
fragments. Fig. 3 depicts the sequence thus established.

DISCUSSION

The parathyroid DNA in pPTHm1, 470 nucleotides in length,
represents about 70% of the nucleotide sequence of PreproPTH
mRNA, as estimated from the size of the mRNA determined
by electrophoresis through 98% formamide/polyacrylamide
gels (31). The sequence includes the entire coding region of the
mRNA,; 102 residues of the 5" noncoding region, and 23 residues
of the 3’ noncoding region. The sequence of pPPTHm1 DNA
confirms the amino acid sequence of bovine PreproPTH, as
determined by a combination of traditional (25, 34) and ra-

Proc. Natl. Acad. Sci. USA 76 (1979)

diomicrosequence analysis (3) approaches. Furthermore, the
GAA codon coding for the glutamic acid at position 22, found
when the sequences of DNA fragments 7, 8, and 9 were de-
termined (see Fig. 2), supports our previous assignment, a
finding that has been disputed by another group (25). Bovine
genetic heterogeneity could still, of course, explam the disparate
sequences found at position 22. We cannot, in addition, exclude
the possibility that the sequence was modified by the process
of cloning, but the accurate prediction of the rest of the Pre-
proPTH amino acid sequence is reassuring, as are other ex-
amples of faithful cDNA cloning (26, 30). To minimize chances
of error in determination of nucleotide sequences, every nu-
cleotide in the coding sequence was ascertained at least twice
(see Fig. 2).

Codon usage analysis (Table 1) demonstrates some uneven
usage of codons, but, as noted by others (26, 30), comparisons
with usage patterns in other eukaryotic mRNA show no con-
sistent patterns. For instance, when one compares the codon
usage patterns between bovine corticotropin-{-lipotropin
precursor mRNA and bovine PreproPTH mRNA, the codons
UUC, CUC, and AGG, unused in PreproPTH mRNA, are
frequently used in corticotropin-f-lipotropin precursor mRNA.
The glutamine codon CAA is unused in PreproPTH mRNA and
used only 1 of 10 possible times in corticotropin-(-lipotropin
precursor mRNA. Also, as noted by others (30), the dinucleotide
CG is used infrequently—two times—in the coding region. In
marked contrast to the pattern in several other mammalian
sequences (26, 30), however, no preference is found for G or
C in the third codon position—30% of codons terminate in T,
17% terminate in C, 27% terminate in A, and 26% terminate
inG.

Table 1. Codon usage in bovine PreproPTH mRNA

Amino Amino
acid Codon Usage acid Codon  Usage
Phe uUuuu 3 Tyr UAU 0
uuc 0 UAC 1
Leu UUA 1 Term UAA 0
UuG 0 Term UAG 0
Cuu 4 His CAU 3
cuc 0 CAC 1
CUA 1 Gln CAA 0
CuG 4 CAG 5
Ile AUU 2 Asn AAU 1
AUC 1 AAC 2
AUA 2 Lys AAA 8
Met AUG 7 } AAG 6
Val GUU 4 Asp GAU 5
GUC 2 GAC 3
CUA 2 Glu GAA 5
GUG 4 GAG 1
Ser UCu 3 Cys ~ UGU 1
ucc 2 UGC 0
UCA 1 Term UGA 1
Pro UCG 0 Trp UGG 1
CCU 1 Arg CGU 0
CCC 1 CGC 0
Thr CCA 0 CGA 1
CCG 0 CGG 1
ACU 0 Ser AGU 3
Ala ACC 0 AGC 2
ACC 0 Arg AGA 5
ACG 0 AGG 0
GCU 4 Gly GGU 1
GCC 2 GGC 1
GCA 3 GGA 2
GCG 1 GGG 1
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Based on a statistical analysis of peptide sequences, Cohn et
al. (27) have proposed that PreproPTH originated after gene
duplication. They noted nine amino acid matches when pep-
tides —27 to +22 and +26 to +74 were aligned. They calculated
P = 0.0001 for this being a chance occurrence. When the nu-
cleotide sequences of these regions are similarly aligned, 53 of
147 nucleotides match. Thus, the nucleotide sequence, like the
amino acid sequence, suggests similarities that are unlikely to
have occurred by chance. Similar comparisons have been made
between the sequences of rat growth hormone and human
chorionic somatomammotropic hormone (30) and between four
regions of the bovine corticotropin-3-lipotropin precursor (26).
In both of these comparisons, there was little variation in the
third nucleotide of triplets, even though that variation would
not have resulted in a changed amino acid sequence. In contrast,
in the PreproPTH comparison, only two of nine third bases
remain invariant when the triplets coding for the nine invariant
amino acids are compared—no more than expected by chance.
Furthermore, when one excludes the nucleotides associated
with the amino acid matches, only 32 of 120 nucleotides match,
again no more than expected by chance. Thus, the mRNA se-
quence, although consistent with the hypothesis that the gene
arose by duplication, does not add evidence beyond that pro-
vided already by the amino acid homologies. Perhaps the pat-
tern of intervening sequences that may exist in the genomic
DNA will shed light on the origin of the PreproPTH sequence.
We might expect to find, for instance, an intervening sequence
separating the duplicated structural regions if RNA splicing acts
as a means of bringing together in one mRNA two sets of se-
quences that arose by tandem gene duplication.

The AUG at position 10-13 in the 5" noncoding region is only
the second example in eukaryotes of an AUG in the 5’ non-
coding region of an mRNA, the first example being the nRNA
coding for VP1 of simian virus 40. The sequences of all other
mRNAs are consistent with the hypothesis of Kozak that ribo-
somes bind at a 5’-terminal cap and scan the mRNA until they
initiate at the first available AUG (28). Kozak notes that the two
AUGs in the 5’ noncoding region of VP1 mRNA may well be
part of a 5’-terminal double-stranded RNA stem and therefore
might be sequestered from the ribosome. It is of interest, then,
that the AUG in the PreproPTH sequence may be part of a
small interior loop in an extensive stem structure involving
nucleotides 1-20 and 34-51 [AG = —15.6 kcal, including eight
consecutive nucleotide pairs at the base of the stem (29)]. Al-
ternatively, the AUG at position 10-13 might serve as an initi-
ator codon for a pentapeptide terminated by UGA at position
25-27.

The sequence AUCCU at position 83-87 may bind to the
sequence UAGGA close to the 3’ end of 18S ribosomal RNA.
Hagenbiichle and coworkers (33) have pointed out that most
eukaryotic mRNAs contain sequences that could bind to this
highly conserved purine-rich sequence in 185 RNA, thus fa-
voring initiation of protein synthesis.
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