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A B S T R A C T An 8-15S fraction of RNA isolated from
hyperplastic human parathyroid tissue (primary chief-
cell hyperplasia) and translated in a cell-free extract
of wheat germ directs the synthesis of a protein that
shares antigenic determinants and tryptic peptides with
parathyroid hormone and its previously recognized im-
mediate precursor, proparathyroid hormone. In addition,
the protein contains tryptic peptides not found in pro-
parathyroid hormone and migrates more slowly than
does proparathyroid hormone on both urea-acid and
urea-sodium dodecyl sulfate polyacrylamide gels, indi-
cating that it is more acidic and larger than propara-
thyroid hormone. Sequential Edman degradation of the
cell-free protein, radiolabeled with ["S]methionine, for
25 cycles released ['3S]methionine at cycles 1, 7, 11, and
14, indicating that the NH2-terminal peptide sequence
of the protein differs from that of both proparathyroid
hormone and parathyroid hormone. We propose that
this protein is an early biosynthetic precursor of human
parathyroid hormone, pre-proparathyroid hormone,
analogous to that identified recently by in vitro trans-
lation of bovine parathyroid mRNA.

INTRODUCTION
The principal molecular species of parathyroid hormone
(PTH)' that has been isolated from parathyroid tissue

Dr. Habener is the recipient of a U. S. Public Health
Service Career Development Award. Dr. Kemper is the
recipient of a Fellowship from the Medical Foundation and
Adams Trust (Boston).
Received for publication 17 September 1974 and in revised

form 8 August 1975.
1'Abbreviations used in this paper: CFP, cell-free protein

or product; mRNA, messenger ribonucleic acid; Pre-Pro-
PTH, preproparathyroid hormone; ProPTH, proparathy-
roid hormone; PTH, parathyroid hormone; SDS, sodium

consists of a single-chain polypeptide of 84 amino acids
(1, 2). A larger biosynthetic precursor of PTH of at
least 90 amino acids, proparathyroid hormone (Pro-
PTH), or "calcemic fraction A" (3), has been observed
in intact parathyroid cells of human (4-7), bovine (8-
10), avian (11), and murine (12) origin.

Recently, the cell-free translation of RNA from bo-
vine parathyroid glands has indicated the existence of
a polypeptide even larger than ProPTH, which has been
termed "pre-proparathyroid hormone" (Pre-ProPTH)
(13). This evidence for a precursor of PTH larger
than ProPTH has stimulated our interest in further de-
lineating the initial product of translation of parathy-
roid messenger RNA (mRNA) and the function of
PTH precursors in the control of PTH biosynthesis. We
therefore felt it would be useful to examine a parathyroid
tissue from a species other than the bovine for the exis-
tence of a larger precursor of PTH.
To identify directly the earliest precursor form of

PTH and the initial product of the gene for PTH, we
have translated, in a heterologous cell-free system de-
rived from wheat germ, the mRNA isolated from
human parathyroid tissue obtained from a patient with
primary chief-cell hyperplasia. The major product of syn-
thesis is a parathyroid protein, similar to the cell-free
product of the bovine mRNA (13) in that it is larger
than ProPTH.

METHODS
Preparation of RNA. RNA was prepared from 5 g of

fresh hyperplastic (chief-cell) parathyroid tissue by ho-
mogenization in 20 ml of 0.01 M Tris HC1, pH 7.4, 0.5%

dodecyl sulfate; TCA, trichloroacetic acid; TSSE buffer,
0.01 M Tris-HCl, pH 7.4, 0.5% sodium dodecyl sulfate, 0.1
M NaCl, and 1 mM EDTA.
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sodium dodecyl sulfate (SDS), 0.1 M NaCl, and i mM
EDTA (TSSE) buffer followed by repeated extractions in
phenol-chloroform-isoamyl alcohol and sedimentation through
a 5-20% sucrose gradient as described previously (13).
RNA's sedimenting between 28 and 18S (fraction A), 18
and 15S (fraction B), and 15 and 8S (fraction C) were
collected separately and stored in water at -200C.

Cell-free translation of mRNA. Approximately 10 ,Ag of
RNA was translated in a cell-free system (final volume of
50 Al) with an active extract of commercial wheat germ
(Bar-Rev Mill, Tel Aviv, Israel) under the conditions
described previously (13, 14). Reaction mixtures contained
either [3S]methionine (320 Ci/mmol, Amersham/Searle
Corp., Arlington Heights, Ill.) or [4,5-3H]lysine (40 Ci/
mmol, New England Nuclear, Boston, Mass.) and were in-
cubated for up to 180 min at 230C. The incorporation of
radioactive amino acid into protein during the incubation
was assessed by precipitation of i-ul aliquots of the incu-
bation mixture in 10%o trichloroacetic acid (TCA) (13, 15).
Polyacrylamide gel electrophoresis. 10% polyacrylamide

gels containing either 8 M urea-0.1 M potassium acetate
(pH 4.4) or 8 M urea-0.1%o SDS, 0.2 M phosphate (pH
7.0), were used to characterize the products of the cell-free
synthesis (8, 15). 1-mm slices of the gels were counted in
a toluene-based scintillator after swelling in a mixture of
toluene-NCS solubilizer (Searle Analytic Inc., Des Plaines,
Ill.)-water. Alternatively, the major cell-free product
(CFP) was extracted after electrophoresis from 1-mm
slices of urea-SDS polyacrylamide gels with 0.2 ml of 0.5 M
sodium phosphate, pH 7.2, 0.1%o SDS, 1 mM phenylmethyl-
sulfonyl fluoride for tryptic digestion and for analysis on
urea-acetate gels.
Immune precipitation. 5-Al aliquots of the cell-free in-

cubate were pipetted into 200 IAI of phosphate with 2%o
bovine serum albumin (pH 7.2). 50-Al aliquots of this
solution were incubated at 4VC for 24 h in a final volume
of 0.5 ml containing 0.05 M Veronal, 5%o human plasma,
0.01% thimerosal, and either guinea pig antisera to bovine
PTH, containing antibodies that recognize antigenic deter-
minants in both the NH2- and COOH-terminal sequences of
PTH (16), or normal guinea pig serum (1: 2,000) with
and without addition of 2 /Ag of bovine PTH. The incuba-
tion solutions were centrifuged at 2,000 g for 15 min, 50 pdI
of rabbit anti-guinea pig globulin serum was added to the
supernate, and the mixture was incubated for an additional
24 h. The immune precipitates were analyzed by polyacryl-
amide gel electrophoresis (8, 15).
Radioimmunoassay. 50-pdI aliquots of the cell-free incu-

bation mixture taken at 0, 1, and 2 h were pipetted into a
0.3-ml solution of 0.05 M Veronal-2% bovine serum albumin.
50- and 100-,ul aliquots were assayed in a competitive-bind-
ing radioimmunoassay for PTH as described previously
(17).
Preparation of radiolabeled PTH and ProPTH. Hyper-

plastic parathyroid tissue was incubated at 370C in Earle's
balanced salt solution supplemented with 5% fetal calf
serum and all essential amino acids except lysine or methio-
nine. 100 mg of parathyroid tissue was preincubated in the
medium at 37°C for 45 min. [Methyl-3H]methionine or
['4C]lysine (New England Nuclear) was added, and the
incubations were carried out for an additional 25 min for
the isolation of ProPTH, and for 90 min for the isolation
of PTH. The tissues were homogenized in a Dounce ho-
mogenizer in 8 M urea-0.2 N HCl, and ProPTH and PTH
were isolated from the extracts by gel electrophoresis as
described previously (8, 15).

Anzalyses of tryptic peptides of the CFP and ProPrt.
Aliquots of the cell-free protein (CFP) labeled with [3H]-
lysine and [3S]methionine and ProPTH labeled with ["C]-
lysine and [3H]methionine extracted from urea-SDS gels
were mixed, respectively, in a ratio of 'H to 14C (or 'IS)
of 4 to 1 (counts per min). The combined extracts were
lyophilized to dryness and redissolved in 0.2 ml of 0.08 N
ammonium hydroxide; 0.2 ml of 8 M urea was added. The
solutions were passed over a column of Bio-Gel P-2 (Bio-
Rad Laboratories, Richmond, Calif.) in 0.15 N acetic acid,
and the void-volume fraction was lyophilized, dissolved in
0.2 ml of performic acid (prepared by incubating formic
acid and 30%o hydrogen peroxide 19: 1 [vol/vol] at 250C
for 2 h), and incubated at 25°C for 2 h. The performic
acid was removed by reducing the volume to 1/5 under
vacuum, adding 1 ml water, lyophilizing to dryness, re-
dissolving in water, and lyophilizing again to dryness. The
final dry powders were dissolved in 0.05 ml of 0.2 M
ammonium bicarbonate buffer, pH 8.5, trypsinized, and ana-
lyzed by paper electrophoresis as described previously (8,
15, 18).

Partial sequence analysis of [s5S]tnethionine-labeled CFP.
CFP labeled with [3S]methionine (an aliquot of the major
protein characterized in the study shown in Fig. 2) was

subjected to 25 cycles of sequential Edman degradation with
a Beckman 890 protein sequenator (Beckman Instruments,
Inc., Spinco Div., Palo Alto, Calif.). The radioactive amino
acids released during the degradation were analyzed by
methods described previously (6).

RESULTS

Protein synthesis directed by parathyroid RNA. All
three fractions of RNA from the sucrose gradient were

active in directing incorporation of amino acids into
protein, but fraction C was significantly more active
than the other fractions (Fig. 1). The RNA in this
fraction stimulated incorporation of [3S]methionine 30-
fold over control (without added RNA). Radioimmuno-
assay of aliquots of the incubation with RNA from frac-
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FIGURE 1 Stimulation of protein synthesis in extracts of
wheat germ by parathyroid RNA. Conditions of cell-free
synthesis are described in Methods. Data shown are: (a)
incorporation of [MS] methionine into total TCA-insoluble
protein (5O-pdI incubation volume) in response to approxi-
mately 10 /.tg of parathyroid RNA from fractions A (LII),
B (U), and C (0) isolated by sucrose-gradient sedimen-
tation; (b) fall in bound-to-free ratio of 'I-labeled bovine
PTH (A B/F) produced by 15 pul of the incubation mix-
tures in a competitive-binding radioimmunoassay for PTH
(0).
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FIGURE 2 Polyacrylamide gel electrophoresis profiles. Up-
per panel (A) shows analysis by SDS-acrylamide gel of
the ["S] methionine-labeled CFP of protein synthesis di-
rected by RNA fraction C from sucrose gradient sedimenta-
tion (Fig. 1) (*). Lower panel (B) shows analysis by
urea-acetate acrylamide gel (pH 4) of the CFP isolated
from the SDS-acrylamide gel shown in upper panel. Details
of the electrophoresis are described in Methods. ['H] Pro-
PTH and ['H]PTH (see Methods) were added as markers
(0).

tion C showed a parallel increase in immunoreactivity of
PTH (Fig. 1). A rough estimate of the amount of PTH-
like material synthesized indicates the production of ap-
proximately 1-2 ng of PTH in a 50-Al incubation
mixture.

Polyacrylamide gel electrophoresis of the products of
cell-free synthesis. About 30% of the radioactive pro-
tein synthesized in a wheat germ extract containing
RNA from fraction C migrated as a single discrete peak
(CFP) on SDS-acrylamide gels with a mobility corre-
sponding to a molecular weight of about 14,000 daltons,
compared with 10,200 daltons for ProPTH (Fig. 2A).
The products synthesized in response to RNA in frac-
tions A and B, the region of the sucrose gradient where
mRNA coding for larger proteins should appear, were
proteins smaller than ProPTH (not shown). CFP iso-
lated from a SDS gel was reanalyzed by electrophoresis
on a polyacrylamide gel in 8 M urea at pH 4.4 (Fig.
2B). The results indicate that CFP is one major protein
that migrates more slowly than either ProPTH or PTH.
At this pH, ProPTH migrates more rapidly than PTH,
even though it is larger than PTH owing to its greater

3 CFP ProPTH
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ANTISERUM+PTH

CONTROL SERUM --
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FIGURE 3 SDS-acrylamide gel analysis of immunoprecipi-
tates of ["S] methionine-labeled CFP. Immunoprecipitate
fractions from incubation mixture after treatment with anti-
serum to PTH (0), antiserum to PTH and 2 ,ug of PTH
(0), nonimmune control serum (A). The ordinate scale
denotes the radioactivity in the immune precipitate fractions.
The three acrylamide gel patterns are coplotted in the
figure. CFP, major cell-free product. Arrows mark the
electrophoretic positions of ProPTH, PTH, and the brom-
phenol blue dye (T).

positive charge (6, 7, 10). This observation indicates
that the extra peptide sequence unique to CFP probably
contains a large complement of acidic or neutral amino
acids, or both.
Immune precipitation studies. Structural similarity

between the CFP and ProPTH was demonstrated by
finding that an antiserum containing antibodies to PTH
specifically bound the protein (Fig. 3). Moreover, the
antiserum also bound a substantial fraction of the more
rapidly migrating peptides that probably represent in-
completed chains of the major protein (14, 19). Binding
of CFP was inhibited by addition of excess PTH to the
incubation, and little binding was observed when con-
trol, nonimmune serum was used.

Tryptic peptide analyses. A further indication that
the major protein from the cell-free synthesis contains
within its structure the sequence of ProPTH was ob-
tained through paper electrophoresis of the peptides
formed by tryptic digestions of solutions containing
['H] lysine-labeled CFP and ["C] lysine-labeled ProPTH
and ["S]methionine-labeled CFP and ['H]methionine-
labeled ProPTH (Fig. 4). Overall, the mobilities of the
peptides derived from the CFP and from ProPTH cor-
respond well. In particular, there is coincident migra-
tion of the peptides corresponding to the ProPTH-spe-
cific hexapeptide sequence - 6 to + 1 (8) (see VII and
X, Fig. 4). Additional peptides in the CFP and not in
ProPTH appear in the peptides migrating between 0
and 20 cm.2

Sequential Edman degradation of [`S]mcthionine-la-
beled CFP. ["S]Methionine was released at cycles 1,

2 A previous report (13) indicating that the analogous
CFP obtained by translation of bovine mRNA contained
only two ['5S] methionine-labeled tryptic peptides was in
error. Additional methionine-containing peptides that eluded
detection because of poor solubility have been detected sub-
sequently (studies in progress).
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7, 11, and 14 during a 25-cycle sequential Edman degra-
dation of the NH2-terminal sequence of [MS]methionine-
labeled CFP. This observation indicates that the NH2-
terminal sequence of the CFP differs from that of Pro-
PTH (or PTH) (6, 20) and that at least part of the
additional peptide sequence uniquely contained in the
CFP (Fig. 4) is at the NH2-terminus of the poly-
peptide.3

DISCUSSION
These studies show that an 8-15S RNA fraction from
human parathyroid tissue contains a messenger RNA
that directs the synthesis of a PTH protein in a cell-
free system. The CFP shares antigenic determinants in
common with PTH and lysine- and methionine-contain-
ing tryptic peptides in common with ProPTH and is
both more acidic and larger than ProPTH, as deter-
mined by gel electrophoresis. The results of the tryptic
peptide analysis and the sequential Edman degradation
indicate that the protein consists of ProPTH with at
least an additional peptide sequence at the NH2 terminus
of the human ProPTH polypeptide chain. These findings
with the parathyroid RNA of human origin agree with

'Because human PTH contains only two methionines
(positions 8 and 18), sequential degradation of ProPTH
would have released ['3S]methionine at cycles 14 and 24.
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FIGURE 4 Paper electrophoresis of the [2H]lysine-labeled
(A) and ['3S]methionine-labeled (B) tryptic peptides of
the CFP. ["C]Lysine-labeled (A) and ['H]methionine-
labeled (B) ProPTH were coanalyzed with the CFP iso-
lated from SDS-acrylamide gels as described in Methods.
Previous studies of human (32) and bovine (18, 33) PTH
and of bovine ProPTH (17, 24) suggest that the peaks of
radioactivity contain the following tryptic peptide sequences:
V, 1 to 13; VI, 55 to 65 and 81 to 84; VII, -5 to -3;
IX, lysine; X, -2 to -1; XI, dilysine; XII, 14 to 20.

those obtained with bovine RNA (13) and further sub-
stantiate our postulation that the CFP, Pre-ProPTH, is
a biosynthetic precursor of human ProPTH (13).
The alternative explanation for our findings, that the

CFP is an artifactual product of the in vitro synthesis,
now seems to us to be remote, inasmuch as isolation and
translation of mRNA from the two different parathy-
roid sources give similar products. In addition, translation
of bovine parathyroid RNA in a second cell-free system
(Krebs-II ascites cells) gives a product identical to the
CFP from wheat germ.' Moreover, translations in ex-
tracts of wheat germ done recently of RNA's from other
endocrine tissues have yielded larger, "prehormone"
forms of insulin (21), growth hormone (22), and pla-
cental lactogen (23).
A more extensive characterization of the bovine Pre-

ProPTH than was initially described in our earlier pub-
lication (13) indicates that it not only contains 25 ad-
ditional amino acids at the N terminus of ProPTH, but
that both initiation and termination of the synthesis of
the Pre-ProPTH polypeptide in the wheat germ extract
do occur accurately (24).

It has been difficult to identify a protein correspond-
ing to the CFP in studies of PTH synthesis in vitro in
preparations of intact parathyroid cells (24). Thus,
in vivo Pre-ProPTH must be cleaved to ProPTH very
rapidly after synthesis; the NH2-terminal peptide ("pre"-
peptide) might even be removed before the COOH-
terminal sequence of the ProPTH is completely synthe-
sized. In the wheat germ extracts, the specific enzymic
activity responsible for the cleavage appears to be absent.
The concept of extremely rapid proteolytic cleavages

of proteins during the assembly of amino acids on the
polyribosome has been introduced previously (25, 26).
Very early, transient biosynthetic precursors of immuno-
globulin light chain (25, 27), polio virus (26), and
encephalomyocarditis-virus proteins (28) have been
identified. It has been proposed that the NH2-terminal
region of the precursor peptide may function in the
transport of the protein through the reticular membrane
into the cisternal space as an initial step in the subse-
quent cellular transport and eventual export of the pro-
tein from the cell (25).
The prior identification of ProPTH and the present

identification of a possible earlier precursor, Pre-Pro-
PTH, raise the possibility that under specific circum-
stances, such as prolonged glandular stimulation or neo-
plastic transformation, one or both of these larger forms
of PTH may accumulate in the gland or be secreted from
the gland into the circulation in vivo. Wong and Lindall
(29) and Benson et al. (30) recently reported findings
that are consistent with the production and secretion of
immunoreactive molecular forms larger than PTH.

'To be published.
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Attempts thus far to detect ProPTH in the blood by
specific radioimmunoassay have been unsuccessful, per-
haps partly because of rapid conversion of ProPTH to
PTH by trypsin-like activity in the blood (31). The
results of the studies in progress, however, suggest that
Pre-ProPTH may be unusually resistant to proteolytic
cleavage by enzymes; homogenates of parathyroid tissue
that readily convert ProPTH to PTH do not specifically
convert Pre-ProPTH to ProPTH or to PTH. Thus, if
Pre-ProPTH is secreted into the circulation under condi-
tions of abnormal glandular activity, it may circulate in
amounts sufficient to be detectable once a suitable radio-
immunoassay is available.
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